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ABSTRACT In cycling cells, the retinoblastoma protein 
(pRb) is un- and/or hypo-phosphorylated in early Gi and 
becomes hyper-phosphorylated in late Gi. The role of hypo- 
phosphorylation and identity of the relevant kinase(s) remains 
unknown. We show here that hypo-phosphorylated pRb associ- 
ates with E2F in vivo and is therefore active. Increasing the 
intracellular concentration of the Cdk4/6 specific inhibitor 
pl5 1NK4b by transforming growth factor 0 treatment of kerati- 
nocytes results in Gi arrest and loss of hypo-phosphorylated pRb 
with an increase in unphosphorylated pRb. Conversely, 
pl5 INK4b -independent transforming growth factor /3-mediated 
Gi arrest of hepatocellular carcinoma cells results in loss of Cdk2 
kinase activity with continued Cdk6 kinase activity and pRb 
remains only hypo-phosphorylated. Introduction of the Cdk4/6 
inhibitor pl6 1NK4a protein into cells by fusion to a protein 
transduction domain also prevents pRb hypo-phosphorylation 
with an increase in unphosphorylated pRb. We conclude that 
cyclin D:Cdk4/6 complexes hypo-phosphorylate pRb in early Gi 
allowing continued E2F binding. 



Progression of normal human cells into malignant ones involves 
the genetic alteration of several classes of genes, including pro- 
tooncogenes (positive regulators), tumor suppressor genes (neg- 
ative regulators), and DNA damage repair genes. Alteration of 
these genes appears to result in the loss of negative control of the 
late Gi restriction point and, hence, uncontrolled proliferation 
(1-3). Recent work has pieced together an important Gi phase 
cell cycle regulatory pathway involving the ENK4 kinase inhibi- 
tors, plS^ 46 , pltfN* 48 , plo™ 1 " 0 , and plS 0 ™* that negatively 
regulate complexes of cyclin Dl, D2, and D3 bound to Cdk4 or 
Cdk6 (referred to herein as cyclin D:Cdk4/Cdk6 complexes) that 
phosphorylate the retinoblastoma tumor suppressor gene prod- 
uct (pRb) (2-4). pRb is an active transcriptionai repressor when 
bound to transcription factors, such as members of the E2F family 
(5-10). Inactivation of pRb by hyper-phosphorylation in late Gi 
phase causes the release of E2F, allowing transcription of genes 
important for DNA synthesis (11). Genetic alteration of this 
pathway, such as inactivation of either pMSP* 1 "* or pRb, or 
amplification of cyclin Dl or Cdk4, occurs in a large number of 
human malignancies (12). However, there appears to be no 
oncogenic selective advantage in mutating any two of these genes, 
suggesting the involvement of these genes in a linear pathway (3, 
12). Therefore, it is critical to understand the exact physiological 
functioning of these gene products in this pathway. 

pRb exists in three general forms: unphosphorylated pRb, 
present in Go cells and when pRb is newly synthesized; hypo- 
phosphorylated pRb, present in contact-inhibited cells and in 
early Gi; and hyper-phosphorylated pRb, that is inactive and 
present in late Gi, S, G 2 , and M phases of cycling cells (13, 14). 
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Thus in cycling cells, pRb alternates between a hypo- 
phosphorylated form present in early Gi to a hyper-phosphory- 
lated form after passage through the restriction point in late Gi 
and continued through S, G2, M, phases. The role of hypo- 
phosphorylated pRb in early Gi has not been determined. In 
addition, the identity of the cyclin: Cdk complex(es) that converts 
unphosphorylated pRb to hypo-phosphorylated pRb has not yet 
been determined. Although the presence of cyclin D:Cdk4/6 
complexes in early Gi of cycling cells suggests that these com- 
plexes are likely candidates to hypo-phosphorylate pRb (14-16), 
reports based on overexpression systems and in vitro kinase assays 
have been interpreted to conclude that cyclin D:Cdk4/6 com- 
plexes are responsible for inactivating pRb by hyper-phosphory- 
lation in late Gi- However, these overexpression conditions are 
not necessarily reflective of physiological levels and/or activities 
of cyclin D:Cdk4/6 complexes in vivo. 

We chose to investigate the role of pRb hypo-phosphory- 
lation and to identify the physiologically relevant cyclin: Cdk 
complex(es) utilizing pRb as an in vivo substrate. We manip- 
ulated the cellular environment by addition of transforming 
growth factor )3 (TGF-/3) to cycling and contact inhibited cells 
and by a novel method of transducing full length p^ 1 *** 40 
protein directly into cells. We report here that cyclin D:Cdk4/6 
complexes hypo-phosphorylate pRb and that hypo-phospho- 
rylated pRb associates with E2F transcription factors. 

MATERIALS AND METHODS 
Cell Culture and Flow Cytometry Analysis. HaCaT human 
keratinocytes and HepG2 human hepatocellular carcinoma 
cells (ATCC) were maintained in a-minimal essential medium 
(MEM), and Jurkat T cells (ATCC) in RPMI 1640 medium 
plus 10% bovine fetal serum, penicillin, and streptomycin in 
5% C0 2 at 37°C. TGF-0 (R&D Systems) was added to a final 
concentration of 10 ng/ml to low density (2 X 10 6 ) or high 
density (8 X 10 6 ceils per 10-cm dish) cultures. Cells were 
washed with PBS(-), fixed in -20°C 70% ethanol, and 
rehydrated with PBS(-) containing 0.1% BSA, RNase A (1 
ftg/ml), and propidium iodide (10 jig/ml) for 20 min prior to 
analysis on FACScan (Becton Dickinson). Cells (1 X 10 4 ) were 
counted and analyzed for cell cycle position using modfit lt 
software. 

Labeling and Immunoprecipitations. Cells were labeled in the 
presence of TGF-0 or TAT-pl6 proteins for 5 hr with 3-5 mCi 
(1 Q = 37 GBq) p 2 P]orthophosphate (ICN) per 10-cm dish in 3.5 
ml phosphate-free MEM supplemented with 10% dialyzed serum 
or with 250 /i,Ci p 5 S]methionine (NEN) in 33 ml methionine 
minus MEM with 10% dialyzed serum. Cells were lysed in situ by 
the addition of 1 ml of El A lysis buffer [ELB: 50 mM Hepes, pH 
7.2/250 mM NaCl/2 mM EDTA/0.1% Nonidet P-40/1 mM 
DTT/1 ftg/ml aprotinin (Sigma)/ 1 ptg/ml leupeptin (Sigma)/50 



Abbreviations: pRb, retinoblastoma protein; TGF-0, transforming 
growth factor 0; GST, glutathione 5-transferase; FACS, fluorescence- 
activated cell sorter; MEM, minimal essential medium. 
•S.A.E. and H.N. contributed equally to this work. 
*To whom reprint requests should be addressed. 
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ftg/ml phenylmethylsulfonyl fluoride (Sigma)/0.5 raM NaP 2 Ch/ 
0.1 mM NaVO 4 /5.0 mM NaF). Cellular lysates were precleared 
with killed Staphylococcus aureus cells (Zymed), and pRb was 
immunoprecipitated by addition of 5 jul G99-549 anti-pRb 
antibodies (PharMingen) that recognize only the fast migrating, 
un- and hypo-phosphorylated forms of pRb (17) or 400 fd of 
anti-E2F-4 monoclonal antibody tissue culture supernatant (K 
Moberg and J. A. Lees, Massachusetts Institute of Technology). 
A total of 0.5 fig polyclonal rabbit anti-Cdk6 and anti-pl6 
antibodies (Santa Cruz Biotechnology) were used under the same 
conditions. Immune complexes were collected on protein A 
Sepharose (Pharmacia), washed three times with 1 ml ELB, 
boiled in SDS buffer, resolved by SDS/PAGE, transferred to 
nitrocellulose filters, exposed to storage Phosphorlmager screens 
(Kodak), and analyzed on a Storm Phosphorlmager (Molecular 
Dynamics). For secondary immunoprecipitation, samples were 
cooled after boiling, diluted 1:30 with ELB, clarified of protein A 
Sepharose beads, and immunoprecipitated as described above 
using twice the amount of antibodies. Nitrocellulose filters after 
exposure to Phosphorlmager screen were blocked in 5% nonfat 
milk in PBS(-)/0.2% Tween for 30 min and incubated with 
monoclonal anti-pRb antibodies G3-349 (PharMingen) for 2 hr, 
washed three times in PBS(— )/0.2% Tween, probed with sec- 
ondary rabbit anti-mouse horseradish peraxidase-conjugated an- 
tibodies (The Jackson Laboratories) for 1 hr, washed, and de- 
veloped by addition of ECL reagent (Amersham). 

Kinase Assay and Reverse Transcription-PCR. Anti-Cdk2 
or anti-Cdk6 immunoprecipitates were washed three times 
with ELB followed by final wash with kinase buffer (50 mM 
Hepes, pH 7.0/10 mM MgCl 2 /l mM DTT/1 fiM unlabeled 
ATP) and suspended in 25 ^1 of kinase buffer plus 100 /xCi of 
[y- 32 P]ATP (Amersham; 6,000 Ci/mmoi) and 2 fig of freshly 
prepared (C. Sherr, personal communication) glutathione 
^-transferase (GST)-C'-pRb [residues 792-928 (18)] for Cdk6 
kinase reaction, 10 fid of [y- 32 P]ATP and 2 fig of histone HI 
(Sigma) for Cdk2 kinase reaction. Reactions were incubated 
for 30 min at 30°C, stopped by addition of 2X SDS buffer, 
separated on SDS/PAGE, and analyzed by Phosphorlmager 
screen (Kodak) exposure and analysis (Molecular Dynamics). 
Equal amounts of rabbit anti-mouse antibodies were used as 
negative controls. 

cDNA synthesis from total RNA was performed using 
Perkin-Elmer RT-PCR kit with oligo(dT) primers. Amplifi- 
cation of pl5 and cyclin E cDNA was performed in 50 fii 
reaction using 1 fig of cDNA and 20 pmol of pl5-5' (5'- 
GGAAGAGTGTCGTTAAGTTTACG-3')/pl5-3' (5'- 
GTTGGCAGCCTTCATCGA AT-3 ' ) primers and cyclin E-5' 
(5' -GCAGGATCCAGATGAAGA-3 ') /cyclin E-3' (5'- 
CTTGTGTCGCCATATACCGGTC-3 ' ) in 50 mM KCl, 10 
mM Tris-HCl (pH 8.3), 200 *lM dNTPs, 2 mM MgCl 2 , 10% 
dimethyl sulfoxide, and 2.5 units Taq polymerase (Perkin- 
Elmer) for 35 cycles at 94°C for 1 min, 49°C for 1 min, and 72°C 
for 1 min. A final extension of 5 min was carried out at 72°C. 
PCR products were resolved on a 2% agarose gel and visual- 
ized with ethidium bromide staining. 

Two-Dimensional Phosphopeptide Map Analysis. pRb was 
immunoprecipitated with G-99 antibodies from [ 32 P]orthophos- 
phate-labeled control or TGF-0-treated HaCaT cells, separated 
by SDS/PAGE, and transferred to a nitrocellulose membrane, 
and the 32 P-iabeled pRb band was visualized by ARG film 
(Kodak). The 32 P-labeled pRb section was digested with trypsin 
essentially as described (19). Phosphopeptides were loaded onto 
thin-layer cellulose (TLC) plates (Baker-flex/VWR Scientific), 
separated in the first dimension by electrophoresis on a Multiphor 
II (Pharmacia), followed by second dimension separation TLC 
for ~7 hr in TLC buffer (75 ml w-butanol/50 ml pyridine/15 ml 
glacial acetic acid/60 ml H 2 0). TGF-j3 and control samples were 
loaded based on approximately equal cpm of 32 P and not moles 
of pRb. 
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Plasmid Construction and Protein Expression. pTAT-pl6 
wild-type and mutant (R87P) vectors were generated by 
inserting a Ncol-EcoRl fragment from pi 6 cDNAs obtained 
from Parry and Peters (20) into the pTAT vector (A.V.A. and 
S.F.D., unpublished data). TAT-pl6 proteins were purified by 
sonication of high-expressing BL21(DE3)pLysS (Novagen) 
cells from a 1 liter culture in 10 ml of buffer A (8 M urea/20 
mM Hepes. pH 7.0/100 mM NaCl). Cellular lysates were 
resolved by centrifugation, loaded onto a 5 ml Ni-NTA column 
(Qiagen, Chatsworth, CA) in buffer A containing 20 mM 
imidazole and eiuted by increasing imidazole concentration 
followed by dialysis against 20 mM Hepes/150 mM NaCi. 
Purified TAT-pl6 protein was added to a final concentration 
of 100-300 nM to cells in complete medium. Fluorescein 
isothiocyanate-labeled TAT-pl6 proteins were generated by 
fluorescein labeling (Pierce), followed by gel purification on a 
S-12 column attached to FPLC (Pharmacia). 

RESULTS 

Hypo-phosphorylated pRb Interacts with E2F in Vivo. To 
understand the physiological role of hypo-phosphorylated pRb, 
we first sought to determine if hypo-phosphorylated pRb asso- 
ciated with cellular transcription factors, such as members of the 
E2F family. Previous work has shown that pRb forms physical 
complexes with E2F (5-9); however, it has not been shown if E2F 
family members interact with un- and/or hypo-phosphorylated 
pRb. To do so, 1 X 10 s cycling HaCaT cells were labeled with 100 
mQ of p 2 P]orthophosphate for 5 hr, E2F-4:pRb complexes were 
immunoprecipitated from cellular lysates with anti-E2F-4 anti- 
bodies (90% of total lysate) (21) and pRb (10% of total lysate) 
was immunoprecipitated by using conformation-dependent anti- 
pRb antibodies (G99) that selectively recognize un- and hypo- 
phosphorylated pRb that represent the fastest migrating form of 
pRb on SDS/PAGE (Fig. 1A, lane 2) (17). The primary immune 
complexes were washed, boiled, diluted, and re-immunoprecipi- 
tated with polyclonal anti-pRb antibodies. Secondary immune 
complexes were resolved by SDS/PAGE, transferred to a filter, 
and analyzed for 32 P content (Fig. LB). To normalize for pRb 
protein levels between anti-E2F-4 and anti-pRb immunoprecipi- 
tates, the same filter was then probed with anti-pRb antibodies 
(Fig. 1Q. 

The coimmunoprecipitation of 32 P-labeled hypo-phosphory- 
lated pRb with E2F-4 was readily detectable (Fig. \B) whereas 
nonspecific control antibodies failed to immunoprecipitate pRb 
(Fig. \A). Approximately 5% of the total amount of hypo- 
phosphorylated pRb found in anti-pRb immunoprecipitates was 
present in these E2F-4:pRb complexes (Fig. 1C). The ratio of 32 P 
content to pRb protein was not altered between direct anti-pRb 
immunoprecipitates and anti-E2F-4 coimmunoprecipitated pRb. 
This finding indicates that E2F-4 does not selectively interact with 
a subset of hypo-phosphorylated pRb forms containing a differ- 
ent molar ratio of phosphate per molecule of pRb compared with 
the total hypo-phosphorylated pRb forms. In addition, we detect 
32 P-labeled hypo-phosphorylated pRb in complex with E2F-1 
from HaCat, HT1080 fibrosarcoma cells, and leukemic Jurkat T 
cells (data not shown). Moreover, this finding is consistent with 
the observation that viral oncoproteins such as simian virus 40 T 
Ag and adenovirus El A sequester 32 P-labeled hypo-phosphory- 
lated pRb (ref. 22; unpublished data). These results demonstrate 
for the first time that hypo-phosphorylated pRb interacts with 
members of the E2F transcription factor family in vivo and 
support the notion that hypo-phosphorylated pRb is active. 

pRb Hypo-phosphorylation Is Inhibited in TGF-0-Treated 
Cells. Given the importance of E2F:pRb complexes in regu- 
lation of Gi to S phase cell cycle progression, we next sought 
to uncover the in vivo cyclin: Cdk compiex(es) that hypo- 
phosphorylate pRb. TGF-0 treatment of HaCaT keratinocytes 
has previously been shown to result in a Gi -specific arrest, 
induction of the Cdk4/6 inhibitor p!5 INK4b , loss of hyper- 
phosphorylated pRb, and appearance of the fastest migrating 
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Ftg. 1. E2F-4 interacts with hypo-phosphorylated pRb in vivo. (A) 
Antibody controls of immunoprecipitated and immunoblotted pRb from 
asynchronously cycling Ha Cat cells using 21C9 anti-pRb antibodies that 
recognize aU forms of pRb (lane 1), conformational specific G99 anti-pRb 
antibodies that recognize only the fastest migrating, un- and hypo- 
phosphorylated pRb forms (lane 2), and nonspecific control M73 anti- 
E1A antibodies (lane 3). Please note the complete absence of immuno- 
precipitated pRb in lane 3 (HaCaT cells do not express E1A). (B and Q 
HaCaT human keratinocytes (1 X 10 s ) were labeled with 100 mO 
[ 32 P]orthophosphate and primary immunoprecipitation was performed 
with either anti-E2F-4 (90% of total rysate) or with G99 anti-pRb (10% 
of total rysate) antibodies followed by secondary immunoprecipitation 
with rabbit anti-pRb antibodies, resolved by SDS/PAGE, transferred to 
a filter, and analyzed for 32 P content (B) and then probed with anti-pRb 
antibodies to normalize for pRb protein levels (C). 

form of pRb on SDS/PAGE (23, 24). However, due to the 
comigration of un- and hypo-phosphorylated pRb species as 
the fastest form on SDS/PAGE, the phosphorylation status of 
pRb in TGF-fS-treated cells was not determined. Therefore, we 
treated cells with TGF-)3, labeled pRb in vivo with 
[ 32 P]orthophosphate, and immunoprecipitated pRb with G99 



conformation-dependent anti-pRb antibodies. This approach 
allowed for the comparison of pRb hypo-phosphorylation 
levels in untreated, proliferating control cells (that contain 
hypo* and hyper-phosphorylated forms of pRb) to cells treated 
with TGF-/3. A gradual reduction in pRb hypo-phosphoryla- 
tion and an accumulation of cells in Gi was observed in 
untreated cultures with decreasing serum concentration (Fig. 
2 A and C), consistent with the previously reported growth 
factor dependency of cyclin Dl expression (25). However, we 
observed a dramatic reduction in pRb hypo-phosphoryiation 
in TGF-0- treated cells, whereas pRb protein levels remained 
relatively constant between TGF-j3-treated and control cul- 
tures. These results suggested a TGF-/3-dependent negative 
regulation of pRb hypo-phosphorylating cyclin: Cdk complex- 
(es). 

To ascertain whether loss of pRb hypo-phosphorylation was 
specific to TGF-0 signaling or merely an outcome of Gi phase 
arrest, we labeled with p 2 P]orthophosphate contact-inhibited, 
Gi- arrested HaCaT cells in 10% fetal bovine serum and immu- 
noprecipitated pRb with G99 antibodies. Despite the equality of 
Gi -arrested HaCaT cells, a further reduction in pRb hypo- 
phosphorylation in TGF-0-treated cells compared with untreated 
control cells was observed (Fig. 2D). pRb contains 16 putative 
Cdk consensus phosphorylation sites (26). To examine whether 
TGF-/3-dependent loss of pRb hypo-phosphorylation was re- 
stricted to a limited number of phosphorylation sites or if it was 
a global loss, immunoprecipitated pRb from 32 P-labeled lysates of 
TGF-/3 treated and control HaCaT cells were analyzed by two- 
dimensional tryptic phosphopeptide mapping (18). Comparison 
of the pRb phosphopeptide maps from control and TGF-/3- 
treated HaCaT cells from cycling or contact inhibited cells 
revealed the apparent loss of a single tryptic phosphopeptide 
species (see arrow) in TGF-)3-treated cells (Fig. 3; data not 
shown). In addition, the G99 immunoprecipitated pRb phos- 
phopeptide maps from cycling and contact inhibited cells are 
nearly identical (data not shown). The loss of this single pRb 
tryptic phosphopeptide species, although interesting per se, can- 
not account for the observed overall reduction of pRb hypo- 
phosphorylation in TGF-/3 treated cells. Thus, loss of hypo- 
phosphorylated pRb is specific to TGF-/3 signaling and not 
merely an outcome of Gi phase cell cycle arrest. 

Direct Transduction of pl6 Protein into Cells Inhibits pRb 
Hypo-phosphorylation. TGF-j3 treatment of responsive cells re- 
sults in a wide array of effects (27); therefore, to focus on cyclin 
D:Cdk4/6 functioning in vivo and exclude additional TGF-j3- 
regulated pathways, we chose to inactivate cyclin D:Cdk4/6 
complexes directly by transduction of full-length p^ 11 ^ 43 protein 
into cells. Both plS 1 ^^ and p^ 1 ^ 4 " have previously been 
shown to bind specifically to Cdk4/6 (28). Several groups have 
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Fig. 2. TGF-0 treatment of cycling and contact inhibited Gi -arrested HaCaT cells results in a reduction in the amount of in vivo 
hypo-phosphorylation of pRb. (A-C) Low-density asynchronous cycling and (D-F) high density contact-inhibited Gi-arrested HaCaT cells were 
treated with TGF-0 for 36 hr, labeled with [ 32 P]orthophosphate, and immunoprecipitated with G99 anti-pRb antibodies that recognize the fastest 
migrating forms of pRb. Immune complexes were resolved by SDS/PAGE, transferred to a filter, and analyzed for 32 P content (A and D) and then 
the same filter was probed with anti-pRb antibodies (B and E) to normalize for pRb protein levels as indicated. (C and F) Percentage of cells in 
Gi determined by FACS analysis. 
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FlG. 3. TGF-0 treatment of HaCaT cells results in the loss of a single 
tryptic phosphopeptide species detected on the remaining low level of 
hypo-phosphorylated pRb species. Two-dimensional tryptic phosphopep- 
tide mapping of in vivo p^orthophosphate-labeled pRb from G99 
anti-pRb immune complexes from low density control (A) and TGF-0- 
treated (B) cultures of HaCaT cells. Arrow indicates the loss of a 
phosphorylated pRb tryptic peptide. TGF-/3 and control samples were 
loaded based on approximately equal cpm of 32 P and not moles of pRb 

described the ability of HI V-l Tat protein to transduce into cells 
by crossing the cell membrane (29, 30) and Fawell et ai (31) 
expanded on its utility. However, no in-frame expression system 
to produce and transduce full-length proteins utilizing this tech- 
nology has been subsequently developed. Therefore, we con- 
structed a bacterial expression vector containing the minimal 11 
amino acid Tat protein transduction domain, named pTAT, and 
fused it in-frame to wild-type and mutant (R87P) human pi (jP™ 8 
cDNAs. pTAT-p 1 6 WT/MUT vectors allow for the production and 
purification of full-length TAT-pl6 fusion proteins from bacteria 
(Fig. AA). Addition of fluorescein isothiocyanate-conjugated 
wild-type and mutant TAT-pl6 protein to pl6(-) Jurkat T cells 
demonstrated the rapid entry into greater than 99% of cells, 
achieving maximum intracellular concentrations within 30 min as 
measured by fluorescence-activated cell sorter (FACS) analysis 
and confocal microscopy (unpublished data). 

Transient transfection of proliferating cells with pl6 INK4a en- 
coding expression plasmids has been shown to result in Gi arrest 
and loss of pRb hyper-phosphorylation (32-34). To test the ability 
of TAT-pl6 protein to elicit a Gi -specific arrest, contact-inhibited 
HaCaT cells in 10% fetal bovine serum were replated at low 

- A. 



density in the presence of 300 nM wild-type or mutant TAT-pl6 
protein and analyzed for cell cycle progression by FACS analysis 
at 30 hr postreplating (Fig. 4B). Untreated control and mutant 
TAT-pl6 protein-treated HaCaT cells progressed into S phase; 
however, the addition of wild-type TAT-pl6 protein to cells 
resulted in a Gi arrest. To analyze the ability of wild-type 
TAT-pl6 to bind Cdk6, we treated pl6 INK4a (-) Jurkat T cells 
with either wild-type or mutant TAT-pl6 and labeled with 
P 5 S]methionine. Cellular lysates were prepared and TAT-pl6 
irnmunoprecipitated with anti-pl6 antibodies followed by boiling 
in SDS buffer, dilution, and re-immunoprecipitation with anti- 
Cdk6 antibodies (Fig. AC). The results showed that wild-type but 
not mutant TAT-pl6 was capable of forming complexes with 
Cdk6 in vivo. Thus, bacterially produced wild-type and mutant 
TAT-pl6 fusion proteins of «*20 kDa can efficiently transduce 
into >99% of target cells and bind its cognate intracellular target. 

To analyze the influence of accumulated TAT-pl 6 protein on 
pRb hypo-phosphorylation, contact inhibited HaCaT cells in 
10% FBS were pretreated with wild-type or mutant TAT-pl6 
protein for 1 hr, followed by addition of [ 32 P]orthophosphate for 
4 hr. pRb was irnmunoprecipitated from cellular lysates with G99 
anti-pRb antibodies, resolved by SDS/PAGE, transferred to a 
filter, and analyzed for pRb 32 P content (Fig. 4D) and then 
normalized for pRb protein levels (Fig. 4£). Transduction of 
TAT-pl6 wild-type protein into cells resulted in a dramatic 
reduction in pRb hypo-phosphorylation compared with cells 
treated with TAT-pl6 mutant protein whereas pRb protein levels 
remained relatively constant. The further increased loss of pRb 
hypo-phosphorylation observed in cells transduced with TAT- 
pl6 protein compared with TGF-/3 treatment likely reflects the 
ability to achieve a higher intracellular concentration of Cdk4/6 
inhibitor TAT-pl6 versus TGF-)3 induction of pl5 DfK4b protein. 
Taken together, these results support the notion that cyclin 
D:Cdk4/6 complexes hypo-phosphorylate pRb in vivo. 

pl5 1NK4b -Independent, TGF-/3-Mediated Gi Arrest Does Not 
Alter pRb Hypo-phosphorylation. To further analyze the involve- 
ment of cyclin D:cdk4/6 complexes in hypo-phosphorylating 
pRb, we searched for a TGF-]3-responsrve cell line that arrests in 
Gi, inactivates Cdk2, but retains Cdk6 kinase activity. We hypo- 
thesized that in such a cell type, pRb would remain hypo- 
phosphorylated upon TGF-/3 treatment To this end, we found 
that treatment of human HepG2 hepatocellular carcinoma cells 
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Fig. 4. Transduction of full-length pl6 protein directly into cells results in loss of pRb hypo-phosphorylation. (A) Comparison of purity and 
concentration of bacterially expressed wild-type and mutant TAT-pl6 purified fusion proteins by Coomassie blue staining. (B) High-density 36-hr 
contact-inhibited HaCaT cells were replated at low density and treated with either wild-type or mutant TAT-pl6 protein at a final concentration 
of 300 nM. Cells were analyzed for cell cycle position by FACS at 30-hr postreplating. (C) pl6 INK4a (-) Jurkat T cells were transduced with either 
wild-type or mutant TAT-pl6 protein, labeled with [ 35 S]methionine, and irnmunoprecipitated with anti-pl6 antibodies, then re-immunoprecipitated 
with anti-Cdk6 antibodies and resolved by SDS/PAGE. The position of Cdk6 is indicated. (D and E) Wild-type and mutant TAT-pl6 proteins were 
added to high density 36-hr contact-inhibited HaCaT cells for 1 hr and then [ 32 P]orthophosphate labeled for 5 hr in the presence of TAT-pl 6. 
Cellular lysates were prepared and pRb was irnmunoprecipitated with G99 anti-pRb antibodies, transferred to a filter, exposed to a Phosphorlmager 
screen for 32 P content (D), and then the same filter was probed with anti-pRb antibodies (£) to normalize for pRb protein levels. 
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with TGF-0 results in a Gi arrest as measured by propidium 
iodide staining and FACS analysis (Fig. 5A). Immunoblotting 
analysis of HepG2 cells treated with TGF-/3 revealed a loss of 
hyper-phosphorylated forms of pRb and the appearance of the 
fastest migrating pRb species, potentially consisting of both un- 
and hypo-phosphorylated forms (Fig. SB). 

We next measured the effect of TGF-0 signaling on Cdk2 
and Cdk6 kinase activity in HepG2 cells. Anti-Cdk2 and 
anti-Cdk6 immunoprecipitation-kinase assays were performed 
on cellular lysates from control and TGF-0-treated HepG2 
cells using histone HI or GST-C terminus Rb as in vitro 
substrates, respectively (Fig. 5 C and D). Cdk2 activity was 
markedly diminished following 48 hr of TGF-0 treatment in 
agreement with loss of pRb hyper-phosphorylation. In con- 
trast, Cdk6 activity was not affected by TGF-0 signaling (Fig. 
4£>). The continued Cdk6 activity in TGF-0-treated HepG2 
cells is consistent with the failure of these cells to induce the 
Cdk4/6-specific inhibitor plS 11 ^ 46 as measured by anti-pl5 
immunoprecipitation and p 15 reverse transcription-PCR anal- 
yses (H.N. & S.F.D, unpublished data). 

Finally, we analyzed the effect of TGF-0 signaling on pRb 
hypo-phosphorylation in HepG2 cells. HepG2 cells were 
treated with TGF-0 for 48 hr and labeled with [ 32 P]orthophos- 
phate, and pRb was immunoprecipitated from cellular lysates 
using G99 anti-pRb antibodies. The immune complexes were 
resolved by SDS/PAGE, transferred to a filter, and analyzed 
for pRb 32 P content and then pRb protein levels (Fig. 5 E and 
F). The results showed no change in pRb hypo-phosphoryla- 
tion levels between TGF-0- treated and control HepG2 cells. 
In addition, no changes were observed between the tryptic 
phosphopeptide maps of hypo-phosphorylated pRb obtained 
from control or TGF-0-treated HepG2 cells (data not shown). 

Thus, in HepG2 cells, TGF-0 can effect a Gi arrest by a 
previously unknown lS^^-independent pathway that retains 
cyclin D:Cdk6 kinase activity but negatively regulates Cdk2 
kinase activity and pRb remains hypo-phosphorylated. This 
observation is consistent with a role for cyclin D:Cdk4/6 
complexes in only hypo-phosphorylating pRb and not in its 
hyper-phosphorylation. 

DISCUSSION 

The loss of negative regulation of Gi phase cell cycle progres- 
sion by inactivating mutation of pi or RB, or amplifi- 



cation of cyclin Dl or Cdk4 is a critical step in human 
oncogenesis and has therefore become an intense area of 
investigation. The previously held notion that cyclin D:Cdk4/6 
complexes inactivate pRb by hyper-phosphorylation was based 
largely on cyclin D overexpression experiments, serum depri- 
vation-addition experiments, and in vitro kinase assays using 
fragments of pRb as a substrate. Although these experiments 
are informative and reproducible, they do not appear to reflect 
the physiological roles of these complexes in vivo. 

To solve this paradox and avoid potential artifacts from over- 
expression of activators like cyclin Dl, we utilized pRb as an in 
vivo substrate and manipulated the activity of cyclin D:Cdk4/6 
complex(es) by increasing the intracellular concentrations of 
cyclin D:Cdk4/6-specific inhibitors: plS^ 46 through TGF-0 
treatment or pl6 by direct transduction of TAT-pl6 protein. We 
conclude that cyclin D:Cdk4/6 complexes only hypo-phosphory- 
late pRb and that hypo-phosphorylated pRb actively associates 
with E2F family members in vivo and is not "partially" inactive. 
Thus, given the role of cyclin D:Cdk4/6 complexes in hypo- 
phosphorylating pRb, we suggest it unlikely that cyclin D:Cdk4/6 
complexes perform both the hypo-phosphorylation and the in- 
activating hyper-phosphorylation of pRb observed in late Gi that 
likely occurs by cyclin E:Cdk2 complexes (Fig. 6). Indeed, the 
presence of only hypo-phosphorylated pRb in TGF-0-treated 
HepG2 cells that contain active cyclin D:Cdk6 complexes but 
inactive cyclin E:Cdk2 complexes further solidifies this notion. 
Furthermore, the idea that cyclin D:Cdk4/6 complexes hyper- 
phosphorylate pRb would predict that in pl6(— ) tumor cells 
should contain inappropriately, constitutively hyper-phosphory- 
lated pRb; however, pRb continues to alternate between hypo- 
phosphorylated in early Gi to hyper-phosphorylated forms in late 
Gi, S, G2, and M phases in both pl6(-) leukemic Jurkat T cells 
and pl6(— ) HT1080 fibrosarcoma cells, and continues to asso- 
ciate with E2F-1 and E2F-4 (ref. 14; unpublished observation). 

Hypo-phosphorylation of pRb may serve the cell several 
purposes. First, hypo-phosphorylated pRb appears to be com- 
prised of multiple isoforms that individually contain a combina- 
tion of one or two phosphates on the 16 putative Cdk consensus 
sites (refs. 22, 35, and 36; unpublished observation). The gener- 
ation of multiple isoforms of active hypo-phosphorylated pRb 
may target subsets of pRb to specific transcription factors and, 
hence, regulate specific promoters. As an example, in vitro mixing 
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Fig. 5. HepG2 hepatocellular carcinoma cells that arrest in Gi with TGF-0 treatment in a pl5 INK4b -independent manner do not alter the in 
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Fig. 6. Model of pl5/16, cyclin D:Cdk4/6, pRb, E2F pathway. 
Cyclin D:Cdk4/6 complexes associate with pRbs pocket domain and 
then proceed to hypo-phosphorylate pRb in early Gi, and likely 
throughout the entire cell cycle. Hypo-phosphorylated pRb is active 
and binds to transcription factors, such as E2Fs. The initial hyper- 
phosphorylating inactivator of pRb is likely cyclin E:Cdk2 complexes 
expressed and activated at a position congruent with the passage 
through the late Gi restriction point. Hyper-phosphorylation of pRb 
results in the dissociation of E2Fs and subsequent activation of 
E2F-specific promoters, such as genes required for DNA synthesis. 
The presence of unphosphorylated pRb in TGF-j3-treated wild-type 
cells and the apparent requirement of cyclin E:cdk complexes for prior 
hypo-phosphorylated pRb as an in vivo substrate (37) suggests that 
TGF-/3 signaling drives the cell further into a Go-like state. 

experiments of baculovirus produced hypo-phosphorylated pRb 
with E1A or E2F-1:DP-1 complexes demonstrates that E1A 
interacts with a larger subset of hypo-phosphorylated pRb iso- 
forms then E2F-LDP-1 complexes do as ascertained by two- 
dimensional phosphopeptide mapping (R. R. Latek and S.F.D., 
unpublished observation). Second, prior pRb hypo-phosphory- 
lation by cyclin Dl appears required for subsequent pRb hyper- 
phosphorylation by cyclin E as has been shown in genetically 
engineered yeast cells (37). Thus, TGF-j3-dependent loss of pRb 
hypo-phosphorylation may further remove pRb from becoming 
a substrate for inactivating hyper-phosphorylation by cyclin 
E:Cdk2 and thereby potentiate a stronger TGF-0-dependent Gi 
arrest, driving cells into Go. 

The data presented here demonstrate that cyclin D:Cdk4/6 
complexes perform the hypo-phosphorylation of pRb in vivo and 
thereby leaves open the question of how pi 6 or cyclin Dl genetic 
alterations contribute to oncogenic progression. Three mutually 
inclusive hypo- theses emerge. First, dysregulated cyclin 
D:Cdk4/6 complexes may place an inappropriate key phos- 
phate^) on pRb that inactivates its transcriptional repression 
abilities while allowing continued E2F association. Second, dys- 
regulated cyclin D:Cdk4/6 complexes may prevent the appear- 
ance of unphosphorylated pRb and thereby prohibit the cell from 
entering a true Go state, dependent on the presence of unphos- 
phorylated pRb. Lastiy, dysregulated cyclin D:Cdk4/6 complexes 
in tumors may lead to inappropriate phosphorylation of other 
(unknown) target protein substrates or activation of proteins by 
amplified cyclin Dl in a kinase-independent fashion (38). Future 
work on the types of pRb hypo-phosphorylated isoforms present 
in pl6(-) or cyclin Dl-amplified tumors compared with normal 
cells should serve to address these questions and help understand 
the involvement of these gene products in human oncogenesis. 
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Abstract The pl6 INK4A cyclin-dependent kinase (Cdk) inhibi- 
tor is now recognized as a major tumor suppressor that is 
inactivated by a variety of mechanisms in a wide range of human 
cancers. It is also implicated in the mechanisms underlying 
replicative senescence since p!6 INK4A RNA and protein 
accumulate as cells approach their proscribed limit of population 
doublings in tissue culture. To obtain further evidence of its role 
in senescence, we have sought ways of overexpressing pl6 INK4A 
in primary human diploid fibroblasts (HDF). To circumvent the 
low transfection efficiency of primary cells we have exploited a 
recombinant form of the full-length pl6 INK4A protein fused to a 
16 amino acid peptide from the Drosophila antennapedia protein. 
This peptide has the capacity to cross both cytoplasmic and 
nuclear membranes allowing the direct introduction of the active 
protein to primary cells. Here, we show that antennapedia- 
tagged wild-type pl6 INK4A protein, but not a functionally 
compromised tumor-specific variant, causes Gl arrest in early 
passage HDFs by inhibiting the phosphorylation of the 
retinoblastoma protein. Significantly, the arrested cells display 
several phenotypic features that are considered characteristic of 
senescent cells. These data support a role for pl6 INK4A in 
replicative senescence and raise the possibility of using the 
antennapedia-tagged protein therapeutically. 

© 1998 Federation of European Biochemical Societies. 

Key words: pl6 INK4A ; Antennapedia; Cellular senescence; 
Cell cycle 



1. Introduction 

pl6 INK4A (also known as the tumor suppressor gene, MTS1) 
is a Gl specific cell cycle inhibitor which negatively regulates 
the cyclin-dependent kinases (Cdk) Cdk4 and Cdk6 by bind- 
ing in competition with D-type cyclins [1-3]. Cdk4 and Cdk6 
kinases are important for the phosphorylation and inactiva- 
tion of the retinoblastoma susceptibility gene product, pRB 
[4,5]. Therefore, pl6 INK4A plays a critical role in blocking the 
Gl/S transition by preventing the inactivation of pRB [6,7]. 
There are at present two different classes of Cdk inhibitors 
(Cdkl): the KIP/CIP family (p21, p27 and p57) and the INK4 
family (pl5 INK4B , pl6 INK4 \ pl8 INK4C and pl9 INK4D ) [8]. In 
contrast to the KIP/CIP family, which inhibits a broad range 
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of Cdks, the INK4 family is specific for Cdk4 and Cdk6. The 
INK4 proteins, which contains four or more ankyrin repeats, 
are expressed in distinct tissue-specific patterns, suggesting 
that, although they have essentially indistinguishable bio- 
chemical properties [9], they are not strictly redundant [10]. 
Among these Cdkl genes, pl6 INK4A is the only gene which is 
frequently mutated and/or deleted in human cancer cell lines 
and, to lesser extent, in primary tumors [2,3,11]. 

Cellular senescence is considered to be genetically pro- 
grammed and induced by the expression of dominant-acting 
growth suppressor(s) [12,13]. There are also evidence that tu- 
morigenesis entails, at least in part, mechanisms that permit 
cells to escape senescence [13]. Therefore, cellular senescence 
could be a mechanism for tumor suppression. Several lines of 
evidence suggest that two well-recognized tumor suppressors, 
the p53 and Rb genes, appear to be critical for the senescence 
of human diploid fibroblasts (HDF) [14,15]. In the case of Rb, 
the growth suppressive (unphosphorylated) form of the pro- 
tein accumulates in senescent cells, due to the loss of phos- 
phorylation by Cdks [16]. The observation that pl6 1NK4A lev- 
els rise as cells senesce suggest that pl6 INK4A may be an 
inducer of cellular senescence, whose expression may record 
the number of cell divisions completed and subsequently pro- 
mote cell cycle exit [17,18]. Moreover, mice carrying a tar- 
geted deletion of the pl6 1NK4A locus develop spontaneous tu- 
mors at an early age and mouse primary embryo fibroblasts 
(MEF) grow for multiple passages apparently without under- 
going senescence or passing through a characteristic crisis [19]. 
These data suggest the possibility that pl6 INK4A acts as a 
tumor suppressor by the induction of cellular senescence. 
This may explain why the pl6 INK4A gene, but not other cdkl 
genes, is frequently mutated in immortalized cancer cell lines. 
However, a recent report by Kamijo and coworkers argues for 
this possibility [20]. They report that much of the phenotype 
ascribed to pl6 INK4A -null mice may in fact be attributed to 
disruption of pl9 ARF , an alternative spliced transcript whose 
product is completely distinct from pl6 INK4A in its sequence 
and functional properties [20]. 

To resolve this controversy, we have introduced a large 
amount of pi 6 mK4A protein into early passage HDF and de- 
termined whether cells acquire a senescent phenotype. Because 
of the low transfection efficiency typically achieved in primary 
cells, we employed a technique to deliver the pl6 INK4A protein 
into the cells. A 16 amino acid peptide derived from the third 
antennapedia homeodomain (ant tag) has been shown to al- 
low the intracellular delivery of antisense oligonucleotides or 
biologically active peptides to the nucleus [21]. Interestingly, 
this ant-tagged peptide is efficiently translocated through the 
plasma membrane and into the nucleus in the absence of 
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exogenously provided energy [21]. This kind of carrier peptide 
has recently become a popular tool for introducing synthetic 
peptides into cells [22-24]. However, synthetic peptides retain 
only a part of the function of an intact protein. In order to 
retain the full range of pl6 INK4A biological activities, we en- 
gineered an intact pl6 INK4A protein with an ant tag at its N- 
terminus. The modified pl6 INK4A gene was cloned into a bac- 
terial expression vector. A histidine tag (his tag) was added to 
the N-terminus of the ant-tagged pl6 INK4A protein, which al- 
lows the one step purification of the bacterially expressed 
recombinant protein [25]. 

In the present study, we introduced the bacterially ex- 
pressed ant- tagged full-sized pl6 INK4A protein into early pas- 
sage HDF by simple addition of the recombinant protein to 
the tissue culture medium. The ant- tagged pl6 INK4A protein 
efficiently inhibited cell growth. This growth inhibition was 
accompanied by a change in phenotype resembling that of 
senescent cells. These data support a role for pl6 INK4A in 
cellular senescence, and raise the possibility that recombinant 
penetrative full-sized proteins prepared in bacteria offer a 
novel therapeutic approach towards tumor suppression. 

2. Materials and methods 

2.1. Plasmid construction and preparation of recombinant protein 

The DNA fragment encoding the 1 6 amino acids (aa 43-58) of the 
antennapedia homeodomain (ant tag) was cloned into the multi-clon- 
ing site of the his tag expression plasmid, pRSETa (Invitrogen), then 
the DNA fragment encoding wild-type or R87P mutant of the 
pl6 INK4A coding region was subcloned under the ant tag. The re- 
combinant proteins were expressed in 4 1 of Escherichia coli BL21 
(DE3) pLysE culture and recovered from the soluble fraction of bac- 
terial lysate using non-denaturing condition for his-tagged protein 
purification [25]. The purified proteins were dialyzed to remove imi- 
dazole and concentrated by the Selective absorbent (ATTO #AB-1 100 
Japan). 



nalization of synthetic peptides [21], such as 20 amino acids 
derived from pl6 INK4A [22], p53 [23] and DP-1 [24]. However, 
20 amino acid residues rarely if ever exhibit all the activities of 
an intact protein. This is especially true in the case of proteins 
that have multi-functional domains, or whose functional do- 
main is unknown. Therefore, it would be of interest to devel- 
op a system to produce penetrative full-sized proteins. For 
this purpose, we constructed a recombinant full-size 
pl6 INK4A protein with a his tag and ant tag at its N-terminus 
(H-ant-pl6wt). The recombinant protein was expressed and 
purified from bacteria using non-denaturing conditions and 
Ni-affinity chromatography, as described by Hoffmann and 
Roeder [25]. To more critically examine the internalization 
and biological activities of the ant- tagged p^ 1 ™^ protein, 
we also constructed two other recombinant his-tagged 
pl6 INK4A proteins: one lacks the ant tag (H-pl6wt), and the 
other (H-ant-pl6mut) has a loss-of-function mutation (R87P) 
in the pl6 INK4A coding region associated with familial mela- 
noma [26]. Because the pl6 rNK4A protein tends to aggregate, 
we used only freshly prepared proteins for all experiments. 
The quality of the freshly prepared pl6 INK4A proteins (H- 
pl6wt, H-ant-pl6wt and H-ant-pl6mut) was confirmed by 
SDS-PAGE stained by Coomassie brilliant blue, and also by 
Western blotting using an anti-his-tag antibody (Fig. 1A) and 
anti-pl6 INK4A antibody (data not shown). To confirm the ac- 
tivity of these recombinant proteins, an in vitro binding assay 
was performed using in vitro translated Cdk2 and Cdk4 pro- 
teins. Equal amounts of pi 6 INK4A proteins were mixed with 
35 S-labeled Cdk2 or Cdk4 proteins, immunoprecipitated with 
the anti-his-tag antibody, and analyzed by SDS-PAGE. 
Although the amount of input Cdk2 protein is slightly less 
than that of Cdk4 (Fig. IB), both wild-type pi proteins 
(H-pl6wt and H-ant-pl6wt) specifically bound to Cdk4 and 



2.2. In vitro binding assay 

[ 35 S]Methionine-labeIed Cdk2 and Cdk4 were synthesized by 
coupled transcription and translation of plasmid DNAs using TNT 
expression system (Promega). Samples (5 ul) of reaction products 
were mixed with 50 ng of bacterially expressed his-tagged pl6 INK4A 
proteins and incubated for 30 min at 30°C. After the incubation, the 
mixtures were analyzed as described previously [26]. 

2.3. Cell culture and [ 3 H] thymidine labeling 

Normal human diploid fibroblasts, TIG-3 (obtained from the Jap- 
anese Cancer Research Resources Bank, Tokyo, Japan) were cultured 
as described previously [17]. Sparse cells (1-5 X 10 3 per cm 2 ) were 
given 10 uCi of pHjthymidine (Amersham TRK686) per ml for 2 h, 
washed in phosphate-buffered saline (PBS), rinsed twice in methanol, 
and processed for autoradiography, as described [27]. 

2.4. p-Galactosidase (fi-gal) staining 

Cells were washed in PBS, fixed for 3-5 min in 2% formaldehyde/ 
0.2% glutaraldehyde, washed, and incubated at 37°C (no C0 2 ) with 
freshly prepared senescence-associated p-Gal (SA-P-Gal) staining so- 
lution [27]: 1 mg of 5-bromo-4-chloro-3-indolyl p-D-galactoside 
(X-Gal) per ml/40 mM citric acid/40 mM sodium phosphate, pH 
6.0/5 mM potassium ferrocyanide/5 mM potassium ferricyanide/ 
150 mM NaCl/2 mM MgCl 2 . Staining was evident in 2-6 h and 
maximal in 16 h. 

3. Results 

3.1. Construction of antennapedia-tagged pl6 INK * A proteins 

Published results have established that the chemical conju- 
gation of an antennapedia homeodomain-derived peptide ex- 
tending from amino acids 43-58 facilitated the cellular inter- 
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Fig. 1. The activity of recombinant pl6 INK4A protein. Histidine- 
tagged pl6 INK4A proteins prepared from bacteria were fractionated 
by SDS-PAGE in a 12% gel and immunoblotted with a monoclonal 
antibody against the his tag. Immune complexes were detected with 
enhanced chemiluminescence (ECL) (Amersham) (A). Human Cdk2 
and Cdk4 were radiolabeled by in vitro translation (B) and mixed 
with 50 ng of bacterially expressed his-tagged pl6 INK4A proteins, 
H-pl6wt (C, lanes 1, 2), H-ant-pl6wt (C, lanes 3, 4), H-ant-pl6mut 
(lanes 5, 6). The samples were analyzed either directly (B) or after 
immunoprecipitation with anti-pl6 INK4A antibody (C). The proteins 
were then fractionated by SDS-PAGE in a 12% gel and the labeled 
Cdks were detected by autoradiography. 
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did not bind to Cdk2 (Fig. 1C, lanes 1-4). The R87P mutant 
(H-ant-pl6mut) did not bind either Cdk2 or Cdk4, as ex- 
pected (Fig. 1C, lanes 5, 6) and previously reported [26]. These 
data demonstrated that bacterially expressed wild-type 
pl6 iNK4A p ro teins have the expected binding activity in vitro. 

3.2. Internalization of recombinant proteins 

To confirm intracellular penetration, three his-tagged 
pl6 iNK4A p ro teins were added to the tissue culture medium 
of early passage (35PDL) human diploid fibroblasts, TIG-3 
(20 uM final concentration). The presence of roughly equal 
amounts of his-tagged proteins in the tissue culture medium 
was confirmed by Western blotting (Fig. 2A). Twelve hours 
after addition, the cells were harvested, nuclear extracts were 
prepared to avoid the contamination of the pl6 INK4A protein 
stuck to the surface of the cell membrane and subjected to 
Western blotting using anti-his-tag antibody (Fig. 2B). Both 
ant-tagged proteins (H-ant-pl6wt and H-ant-pl6mut) were 
detected in the nuclear extracts (Fig. 2B, lanes 3, 4). However, 
the his-tagged pl6 protein lacking the ant tag (H-pl6wt) was 
not observed in the nuclear extracts (Fig. 2B, lane 2). We 
observed the same results using the anti-pl6 INK4A antibody 
to detect the proteins in the nuclear extracts (data not shown). 
These data demonstrated that the ant tag efficiently delivered 
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Fig. 2. Internalization of recombinant pl6 INK4A proteins. Recombi- 
nant pl6 INK4A proteins (20 uM concentration) were added to the tis- 
sue culture medium of early passage (35PDL) TIG-3 cells (lane 1 : 
mock, buffer alone; lane 2: H-pl6wt; lane 3: H-ant-pl6wt; lane 4: 
H-antpl6mut). 5 ul of each medium was subjected to SDS-PAGE 
in a 12% gel and immunoblotted with monoclonal antibody against 
the his tag. Immune complexes were detected with ECL (A). Nu- 
clear extracts prepared from the treated cells were fractionated by 
SDS-PAGE in a 12% gel and immunoblotted with monoclonal anti- 
body against the his tag. Immune complexes were detected with 
ECL (B). Nuclear extracts were prepared from the cells treated with 
H-ant-pl6wt for 0, 15, and 30 min, 1, 3, 6, 9, 12, 18 and 24 h. 
Each sample was subjected to Western blotting using the monoclo- 
nal antibody against pl6 1NK4A (C). 



full-length pl6 INK4A protein to the nucleus, whereas the his- 
tagged p!6 INK4A protein by itself did not translocate to the 
nucleus. These results were confirmed by immunofluorescence 
(data not shown). Therefore, the ant tag is essential for the 
internalization of p!6 mK4A protein. 

We next determined the time required for internalization of 
the ant-tagged pl6 INK4A protein. Early passage (35PDL) TIG- 
3 cells were incubated with 20 uM H-ant-pl6wt protein for 15 
and 30 min, 1, 3, 6, 9, 12, 18 and 24 h. Nuclear extracts were 
then prepared and subjected to Western blotting using the 
anti-pl6 INK4A antibody. As shown in Fig. 2C, H-ant-pl6wt 
protein was detectable in the nucleus within 3 h, reaching a 
maximal level in 6 h. These results suggest that it takes about 
3 h for the internalization of ant-tagged pl6 INK4A protein in 
TIG-3 cells. 

3.3. Cell growth inhibition by an tennapedia- tagged 
p!6 INK4A protein 
p!6 INK4A is thought to be a strong inhibitor of the Gl/S 
transition. Therefore, we have examined the activity of ant- 
tagged pl6 INK4A proteins by [ 3 H]thymidine incorporation, 
which measures DNA synthesis. Asynchronously growing 
early passage (35PDL) TIG-3 cells were incubated with re- 
combinant P 16 INK4A proteins (20 uM) for 48 h, and 
[ 3 H]thymidine incorporation during 2 h was then measured 
as described in Section 2. As shown in Fig. 3A,B, an equal 
percentage (approximately 40%) of cells incorporated 
[ 3 H]thymidine in mock (Fig. 3 A) and H-pl6wt (Fig. 3B) 
treated cells. This result is consistent with our earlier results 
showing that H-pl6wt does not internalize (Fig. 2B, lane 2) 
and thus the his-tagged p!6 INK4A protein has little or no effect 
on S phase entry in TIG-3 cells. The same experiment was 
done using penetrative pl6 INK4A proteins (H-ant-pl6wt, H- 
ant-pl6mut). Although the H-ant-pl6mut protein slightly in- 
hibited [ 3 H]thymidine incorporation (Fig. 3D), these effects 
were negligible. However, Fig. 3C clearly shows that the 
both number of cells and [ 3 H]thymidine incorporation are 
significantly decreased in H-ant-pl6wt treated cells. Similar 
results were obtained using synchronized TIG-3 cells (Fig. 
3E-H). Serum-starved TIG-3 cells reached mid-S-phase 
around 16 h after the addition of serum. Therefore, serum- 
starved early passage TIG-3 cells were treated with recombi- 
nant proteins for 2 days, then the cells were stimulated with 
serum for 16 h and examined for [ 3 H]thymidine incorpora- 
tion. [ 3 H]Thymidine incorporation was drastically reduced in 
H-ant-pl6wt treated cells. In synchronized cells, a lower con- 
centration (10 uM) of H-ant-pl6wt protein was sufficient to 
inhibit cell growth (Fig. 3G). These data clearly suggest that 
we can deliver a functional full length p!6 INK4A protein into 
cells and inhibit S-phase entry by using the antennapedia tag. 

3.4. Inhibition of pRB phosphorylation and induction of 
a phenotype resembling that of cellular senescence by 
antennapedia-tagged p!6 INK4A protein 
To confirm that the pi6 INK4A -induced growth arrest (Fig. 
3C,G) is caused by inhibition of Cdk activity, we examined 
the phosphorylation status of pRB. Serum-starved early pas- 
sage TIG-3 cells were treated with either H-ant-pl6wt or 
H-ant-pl6mut for 2 days, then the cells were stimulated 
with serum. At the indicated times thereafter, whole cell ex- 
tracts were prepared and subjected to Western blotting using 
an anti-RB antibody. As shown in Fig. 4, pRB is phosphoryl- 
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Fig. 3. [ 3 H]Thymidine incorporation. Asynchronously growing early passage TIG-3 cells were incubated with a buffer (A), H-pl6wt (B), H-ant- 
pl6wt (C), H-ant-pl6mut (D) for 48 h and labeled with [ 3 H]thymidine. Serum-starved TIG-3 cells were incubated with just a buffer (E), 
H-pl6wt (F), H-ant-pl6wt (G), H-ant-pl6mut (H) for 48 h and labeled with [ 3 H]thymidine. Cells were fixed and visualized by autoradiogaphy. 



ated following serum stimulation in cells treated (Fig. 4, lanes 
5, 6) or untreated (data not shown) with the H-ant-pl6mut 
protein. However, pRB phosphorylation was not observed in 
cells treated with the H-ant-pl6wt protein (Fig. 4, lanes 2, 3). 
These data confirm that the penetrative pl6 INK4A protein in- 
hibits cell growth by inhibiting pRB phosphorylation. 

We next asked whether cells arrested by the H-ant-pl6wt 
protein displayed any characteristics of senescent cells. Asyn- 
chronously growing early passage TIG-3 cells were incubated 
with H-ant-pl6wt protein (20 uM) for 7 days. The cells were 
then fixed and stained for SA-p-gal, described to be expressed 
by senescent cells [27]. The enlarged growth-arrested cells gave 
a positive staining reaction (Fig. 5B). As described elsewhere, 
untreated early passage TIG-3 cells were negative for SA-0- 
gal staining (Fig. 5A), but late passage TIG-3 cells, which had 



lost growth potential, showed significant SA-P-gal activity 
(Fig. 5C) [27-29]. Moreover, the treated cells do not return 
to the cell cycle, but rather remain growth arrested and retain 
the SA-p-gal activity even 7 days after removal of ant-tagged 
pl6 iNK4A prote i n ( F i g 5D ) We confirmed that the H-ant- 
pl6wt protein level decreased to the background level by 
7 days after removal of the protein from tissue culture me- 
dium (data not shown). This result is consistent with several 
other reports suggesting that cellular senescence is an essen- 
tially irreversible phenotype [13,28], These results demon- 
strated that ectopic expression of pl6 INK4A protein in early 
passage human primary fibroblasts caused the rapid appear- 
ance of three phenotypes associated with senescence : growth 
arrest in Gl, accumulation of unphosphorylated pRB, and 
expression of SA-p-gaL 
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Fig. 4. Inhibition of phosphorylation of pRB by penetrative 
p!6 INK4A protein. Serum-starved early passage TIG-3 cells were in- 
cubated with H-ant-pl6wt (lanes 1-3) or H-ant-pl6mut (lanes 4-6) 
for 48 h, then cells were treated with a medium containing 20% fe- 
tal bovine serum with ant-tagged pi 6 proteins. Cell lysates were 
fractionated by SDS-PAGE in a 8% gel and immunoblotted with 
monoclonal antibody against pRB. Immune complexes were de- 
tected with ECL. pRB: hypophosphorylated form of RB protein. 
pRB phos : hyperphosphorylated form of RB protein. 



4. Discussion 

In this study, we delivered the full-length pl6 INK4A protein 
into primary human cells using an antennapedia tag. We de- 
veloped a system to produce a penetrative pl6 INK4A protein 
by a one step purification from bacteria. Because bacterially 
expressed his-tagged pI6 1NK4A proteins aggregate in a rela- 
tively short time, all experiments were done using freshly pre- 
pared recombinant pl6 INK4A proteins. Antennapedia-tagged 
pl6 iNK4A prote j nSj b ot h wild-type and mutant pl6 INK4A , 
were efficiently taken up by cells from the tissue culture me- 
dium (Fig. 2). In general, the transfection efficiency of plasmid 
DNA into primary cells is extremely low. Therefore, antenna- 
pedia-tagged proteins provide many advantages for biological 
studies and clinical applications. 



Addition of the antennapedia-tagged wild-type pl6 INK4A 
protein into the tissue culture medium efficiently inhibited 
the phosphorylation of pRB (Fig. 4) and caused growth arrest 
(Fig. 3) of early passage human diploid fibroblasts. This was 
not the case when we added the antennapedia-tagged mutant 
pI6 INK4A protein, or the simply histidine-tagged pl6 INK4A pro- 
tein. Moreover, the morphological change that occurred when 
pl6 INK4A protein was introduced into the early passage cells 
led us to investigate the possibility that these early passage 
cells might have been induced to enter senescence. Introduc- 
tion of the pl6 INK4A protein induced cell enlargement and the. 
inability to proliferate at subconfluent cell densities despite the 
presence of serum. Using SA-P-gal staining, which has been 
shown to be expressed by senescent cells [27], we subsequently 
showed a high degree of SA-P-gal in the early passage TIG-3 
cells treated with antennapedia-tagged pl6 INK4A protein (Fig. 
5B). These results are consistent with recent reports suggesting 
that pl6 INK4A might be a key factor in the block to phospho- 
rylation of the RB protein in senescent cells. The level of 
pl6 INK4A protein is very low in presenescent growing cells 
[30], but is elevated at the end of the replicative life span 
[17,18]. In addition, targeted deletion of the p!6 INK4A gene 
causes many type of cancer in mice, and primary fibroblasts 
from these mice do not senesce in culture [19]. Although an- 
other cdk inhibitor, p2l CIP1 /WAFi/SDii ) j s a j so known as a g ene 

whose expression is increased as cells senesce [31], it is rarely 
mutated in cancer cell lines. Moreover, p2l C]P1 / w AFi/SDii 
knock out mice develop normally and primary fibroblasts 
from these mice senesce as expected [32,33]. Therefore, expres- 
sion of p21 CIP1 / WAF1 / SDn may not be required for the senes- 
cence of fibroblasts [34]. Although pl9 ARF , an alternative 
reading frame protein encoded by the INK4A locus, seems 
also to be important for cell senescence [20], our data pre- 
sented here, and the evidence that overexpression of 
pl6 INK4A induces cell senescence in human glioma cells [35], 
strongly suggest that pl6 INK4A plays an important role in eel- 





Fig. 5. Senescence-associated p-galactosidase (SA-p-gal) staining of TIG-3 cells. Early passage TIG-3 cells were treated with buffer (mock) (A) 
or H-ant-pl6wt (B) for 7 days and stained for SA-p-gal activity. As positive control, late passage TIG-3 cells (C) were stained for SA-p-gal ac- 
tivity. H-ant-pl6wt treated cells were washed with PBS and incubated with the tissue culture medium without H-ant-pl6wt protein for a further 
7 days. Then cells were stained for SA-p-gal activity (D). 
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lular senescence. Furthermore, recent findings suggest that the 
functional inactivation of pl6 INK4A by Tax oncoprotein of 
human T-cell leukemia virus type 1 (HTLV-1) through pro- 
tein-protein interaction contributes to cellular immortalization 
induced by HTLV-1 infection [36]. Taking these evidences 
together, pl6 INK4A acts as a tumor suppressor which prevent 
cellular immortalization. 

Our work presented here also raises the possibility that 
bacterially produced penetrative tumor suppressor proteins 
offer a novel therapeutic approach towards controlling aber- 
rant cellular proliferation. In our hands, histidine-tagged 
pl6 iNK4A prote in prepared from bacteria aggregate rapidly, 
specially at high concentrations. Therefore, we are currently 
trying further application to increase the solubility of anten- 
napedia- tagged pl6 INK4A protein. Our recent observation sug- 
gests that glutathione S-transferase (GST)- tagged pl6 INK4A 
protein is much more soluble than his-tagged pl6 INK4A protein 
and is efficiently internalized by the addition of the ant tag 
(Kato and Hara, unpublished results). 
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Cellular manipulation by transfection or viral introduction of 
cDNA expression vectors and microinjection of proteins into cells 
presents various difficulties, including massive overexpression, 
broad cell-to-cell intracellular concentration ranges of expressed 
proteins and low percentage of cells targeted 12 . Moreover, use of 
anti sense approaches to manipulate intracellular processes have 
both specific gene and cell-type restrictions. Thus, the ability to 
manipulate cellular processes by the introduction of full-length 
proteins in a concentration-dependent fashion into 100% of cells 
would alleviate these technological problems. 

In 1988, Green 3 and Frankel 4 independently discovered HIV 
TAT protein is able to cross cell membranes. In 1994, Fawell et al* 
demonstrated that chemically cross-linking a 36-amino acid 
domain of TAT to heterologous proteins conferred the ability to 
transduce into cells. Other transduction domains were identified 
that reside in the Antennapedia (Antp) protein from Drosophila 6 
and HSV VP22 protein from HSV (ref. 7). Although the exact 
mechanism of transduction across cellular membranes remains 
unclear, small Antp peptides have been shown to transduce into 
cells at 4 °C in a receptorless fashion 8 , indicating that all cell types 
potentially can be targeted by this method. 

Although TAT-mediated protein transduction was first discov- 
ered in 1988, no method to 'harness' this technological potential 
has been devised. We describe here the development of a full- 
length protein transduction method using urea-denatured, 
genetic in-frame TAT fusion proteins, which can be applied to a 
broad spectrum of proteins regardless of size or function. As an 
example, we focus on a newly discovered biological property of 
the p27 K,pl Cdk inhibitor protein to elicit cell migration in hepato- 
cellular carcinoma cells. 

Generation of denatured full-length TAT fusion proteins 

Rather than depending on the uncertainties and inefficiencies of 
chemically cross-linking proteins, we constructed a bacterial ex- 
pression vector, pTAT-HA, to produce genetic in-frame TAT fusion 
proteins (Fig. la). The vector pTAT-HA has an N-terminal 6-histi- 
dine leader followed by the 1 1-amino-acid TAT protein transduc- 
tion domain 3 flanked by glycine residues (for free bond rotation of 
the domain), a hemaglutinin (HA) tag and a polylinker. We ana- 
lyzed transduction of cell-cycle regulatory proteins, including the 
Cdk inhibitor p27 Kipl protein 9 and a dominant-negative form of 
Cdk2 (ref. 10). We generated pTAT-HA vectors expressing the full- 
length, wild-type p27 Kipl protein (TAT-p2T"; 30 kDa), a functional 
truncated N-terminal protein (lAT-p2T; 20 kDa), an inactive p27 
point mutant protein (TAT-p27 KK ; ref. 9), a dominant-negative 
form of Cdk2 protein {TAT-Cdk2 UN ; 36 kDa; ref. 10) and a control 
HSV thymidine kinase protein (TAT-TK; 42 kDa)(Fig. lb). 
The exact mechanism of transduction across bilipid mem- 



branes is unknown at present; however, because of reduced struc- 
tural constraints, high energetic (AG), denatured proteins may 
transduce more efficiently into cells than low energetic, correctly 
folded proteins. Once inside the cell, transduced denatured pro- 
teins may be correctly refolded by chaperones 11 such as HSP90 
(ref. 12). Therefore, we devised a urea-denaturing protein purifica- 
tion protocol (Fig. lc). Recombinant TAT fusion proteins were de- 
natured and solubilized in 8 M urea then placed into aqueous 
buffer on an ionic exchange column by doing a single urea 'step' 
from 4 M to 0 M. Less, efficient means of removing the urea 
include rapid dialysis or the use of desalting columns (Fig. lc). In 
addition, sonication in 8 M urea allows for the isolation of insolu- 
ble recombinant protein present in bacterial inclusion bodies. 
Moreover, by using single 'steps' to change buffers, the procedure 
can be done in the absence of an FPLC/HPLC system by using 
commonly available gravity flow columns. 

Transduction of denatured TAT fusion proteins into cells 

To analyze the ability of TAT fusion proteins to transduce into 
cells, TAT-p27 VVT fusion protein was conjugated to fluorescein 
(HTC), added to the culture media of Jurkat T cells and analyzed 
by fluorescence activated cell sorting (FACS)(Fig. 2a, left panel). 
TAT-p27 wr -FITC protein rapidly transduced into -100% of cells, 
achieving maximum intracellular concentration in less than 10 
min. There was a narrow intracellular concentration range of the 
transduced protein within the population, as indicated by the nar- 
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Fig. 1 The pTAT-HA vector and purification protocol, a, pTAT-HA ex- 
pression vector, b, TAT fusion proteins used here. KK and N indicate point 
mutations in the Cdk binding and Mg 2 * coordinating domains, respec- 
tively 910 , t, Denaturation and TAT fusion protein purification protocol. 
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tow FACS peak width between control and transduced cells. 
FACS analysis 1 h after addition (steady-state levels) of cells 
treated with 10, 35, 70 or 140 nM TAT-pZT^-FITC protein 
demonstrated a concentration dependency for protein transduc- 
tion and, thus, the ability to modulate intracellular concentra- 
tions (Fig. 2a, right panel). TAT-p27 KK *' TAT-Cdk2 1,N and TAT-TK 
proteins all behaved similarly (data not shown). In addition to 
established cell lines, TAT fusion proteins readily transduced into 
all cells present in whole blood, including both nucleated and 
enucleated cells (Fig. 2b). Moreover, we have transduced TAT 
fusion proteins into a variety of cell types, including peripheral 
blood lymphocytes (PBLs), diploid human fibroblasts, ker- 
atinocytes, bone marrow stem cells, osteoclasts, fibrosarcoma 
cells, osteosarcoma, glioma, hepatocellular carcinoma, renal 
carcinoma and NIH 3T3 cells (data not shown). Confocal 
microscopy analysis of transduced TAT-p27-FITC and TAT- 
Cdk2 ON -FITC proteins demonstrated both cytoplasmic and 
nuclear localization, and not just attachment to cellular 
membranes (Fig. 2c). 

The protein p27 lt * 1 binds and inactivates cyclin E:Cdk2 com- 
plexes 9 . Therefore, to determine the in vivo biochemical func- 

Fig. 3 In vivo biochemical and biological properties of transduced proteins, 
a, Formation of in vivo complexes of transduced TAT-p27 proteins with 
endogenous Cdk2. 1 00 nM TAT-p27 w ', TAT-p27 N * or control TAT-HSV TK pro- 
teins were transduced into Jurkat T cells during concomitant ^S-methionine 
labeling of cellular proteins and immunopredpitated with anti-HA antibodies 
followed by re-immu no precipitation with anti-Cdk2 antibodies, b, Anti-Cdk2 
immunoprecipitatiorv kinase assay from cells transduced with TAT-TK or TAT- 
p27"' proteins, cand d, HaCat keratinocytes were arrested in G, phase by con- 
tact inhibition, then replated at low density, transduced with varying 
concentrations TAT-p27*' (c) or TAT-Cdk2 w * proteins (d) and analyzed for cell- 
cyde position at 30 h post-replating. Percentage of cells in C, at start (st) and 
at 30 h after replating (0) are shown. 



Fig. 2 Analysis of transduced proteins, o, FACS kinetic analysis of FfTC- 
labeled TAT-P27* 1 protein added to Jurkat T cells at 0, 10 or 20 min (left 
panel) and dose-dependent analysis of 1 0, 35, 70 or 1 40 nM TAT-p27 w, -FITC 
protein at 1 h after addition (right panel), b, FACS analysis of human whole 
blood cells 1 h after addition of FITC-labeled TAT-TK protein, e, Confocal 
microphotograph sections (original magnification, xl ,000) of cells treated 
with control (PBS), o r TAT-p2 7""-F ITC or TAT-Cdk2 u *-f ITC proteins. 



tion of transduced TAT-p27 proteins, we treated Jurkat T cells 
with 100 nM of TAT-p27 wr , TAT-p27 tf or TAT-TK fusion proteins 
during concomitant ^S-methionine labeling of cellular proteins. 
TAT fusion proteins were immunoprecipitated with anti-HA anti- 
bodies (Fig. 3a). Transduced TAT-p27 w and TAT-p27 N ' proteins 
bound Cdk2 in vivo, but TAT-TK protein did not. Consistent with 
TAT-p27 WT binding Cdk2 in vivo, anti-Cdk2 immunoprecipitation- 
kinase assays from cells transduced with TAT-P27 1 " showed loss of 
Cdk2 kinase activity compared to controls (Fig. 3b). p27* tpl and 
Cdk2 UN arrest cells in the G t phase of the cell cycle 910 ; therefore, we 
did a cell-cycle-anest, dose-dependent analysis of the transduced 
TAT-27 and TAT-Cdk2 l,N proteins. Treatment of cells with 200, 
100 or 50 nM TAT-p27 WT protein resulted in a substantial G r phase 
cell-cycle arrest (Fig. 3c), whereas 25 nM and 12 nM had decreas- 
ing abilities to effect an arrest, and mutant TAT-p27'"' and TAT-TK 
proteins did not arrest cells (Table la). TAT-Cdk2 UN protein also 
effectively arrested cells in G x and dropped in ability linearly as 
the concentration was decreased (Fig. 3d). 

These observations demonstrate that misfolded TAT fusion 
proteins efficiently transduce into -100% of cells in a rapid, con- 
centration-dependent manner, are refolded in vivo and retain 
known biological and biochemical activities. In addition, we have 
transduced more than 40 full-length proteins (Table lb), indicat- 
ing that the urea denaturation protocol may be applicable to a 
broad spectrum of proteins regardless of size or function. 

Transduction of TAT-p27 K,p1 fusion protein elicits cell migration 

As an example of manipulating cellular biology by transduction 
of full-length proteins, we focused on cell migration. Treatment 
of human HepG2 hepatocellular carcinoma cells with hepatocyte 
growth factor/scatter factor (HGF) results in G 1 cell-cycle arrest 
and induction of cell migration or a 'scattering' phenotype 1 ' 114 . In 
searching for specific intracellular targets of HGF signaling associ- 
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ated with cell scattering, we found that cyclin 
E:Cdlc2 complexes were specifically inactivated (Fig. 
4a). Consistent with loss of cyclin E:Cdk2 activity, 
we observed an induction of p27^ 1 protein levels in 
response to HGF signaling, but no change in p2r* 1 
levels were detected (Fig. 4a). These observations 
indicated that p27 Ktpl was a downstream nuclear of 
HGF signaling. 

To determine if p27 Klpl mediated cell scattering 
directly, we treated HepG2 cells with TAT-p27 OT " ( ^' 
proteins, TAT-CdlS 1 ", TAT-P16 1 " (refs 15 & 16) or 
control TAT-TK protein (Fig. 4b and c and Table la). 
Transduction of full-length TAT-p27 w protein into 
HepG2 cells (Fig. 4b t panel f) induced a cell-scattering 
phenotype near identical to that of HGF-treated cells 
(Fig. 4b, panel c). However, all other TAT fusion pro- 
teins and TGF-p failed to induce cell scattering, even 
though TAT^T*' and TAT-Cdk2 u * proteins retained 
the ability to elicit a arrest (Fig. 3d and Table la). 
Cell migration involves alterations in the actin cy- 
toskeleton 17 . Therefore, we stained actin filaments 
with rhodamine-conjugated phalloidin from control 
or HepG2 cells treated with TGF-p, HGF, pZ7 ml ^ 
proteins, TAT-Cdk2 0N and TAT-pl6 w proteins (Fig. 4d 
and Table la). Filopodia only appeared in cells trans- 
duced with full-length TAT-p27 w protein (Fig. 4d, 
panels e and f) or treated with HGF (Fig. 4d, panel c). Thus, using 
the method of direct protein transduction into cells, we discovered 
a previously unknown biological property of pll** 1 of mediating 
cell scattering in hepatocellular carcinoma cells. In addition, we 
conclude that cyclin E:Cdk2 complexes are not the downstream 
target of the HGF-p27 xipl cell migration signaling pathway; there- 
fore, p27 K|pl is either targeting an unknown cyclin:Cdk complex or 
a non-Cdk protein. Furthermore, these observations are consistent 
with a broadening role of Cdk inhibitors, such as p21** 1 , in 
regulating non-cell<ycle cellular processes 18 . 



Table 1 In vb/o responses of transduced proteins 



Filopodia 



a. Induction of biological responses 
Treatment/TAT fusion protein C, arrest Scattering 
control 

TGF-0 + 
HGF + + 

TAT-p27*' + + 

TAT-p27 w 

TAT-p27"' + 
TAT- pi 6*' + 
TAT-Cdk2 t5H + 
TAT-HSV TK 

b. Biochemical and biological responses by transduced proteins 



TAT fusion protein 

TAT-HPV E7(18kDa) ls 
TAT-p16"" 4j (20 kDa) 14 ' 16 
TAT-p27" pl (30 kDa) 

TAT-CDK2 dom.-neg. (36 kDa) 
TAT-CPP32 (32 kDa) c 
TAT-HSV TK (42 kDa) plus Acyclovir' 
TAT-13SE1A(60 kDa) b 
TAT-pRB (115kDa) b 



In vivo biochemical effect 

Bind pRB 
Bind Cdk6 
Bind Cdk2 

Bind Cyclin E 
DNA degradation 
ND* 
Bind pRB 
ND* 



Biological effect 

TCR-AID rescue 

C, arrest 
Cell migration 
&t G, arrest 
G) arrest 
Apoptosis 
Cell killing 

ND* 
G, arrest 



'Not determined; "Unpublished observations; 'Manuscript submitted 



To understand further the efficiencies involved in inducing bi- 
ological responses by transduction of proteins, we directly com- 
pared soluble, correctly folded TAT-P27*" protein with 8 M 
urea-denatured TAT-P27 1 " protein for the ability to induce cell 
migration (Fig. 4e). Transduction of denatured TAT-p27 w protein 
readily induced cell migration at 50 nM, 100 nM or 150 nM con- 
centrations; however, correctly folded TAT-pZT"* protein failed to 
induce cell migration at even the highest concentration. 
However, this is not a failure of correctly folded TAT-p27 w protein 
to transduce into cells, it merely represents the inefficiency to 
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Fig. 4 Induction of cell scattering and filopodia 
by TAT-p27*" protein, a, Anti-Cdk2 kinase assay 
from cells treated with HGF, TGF-P or control 
(cntrl) and anti-p21 and anti-p27 dpl im- 
munoblot analysis, b, Photomicrographs (original 
magnification, x400) of HepG2 cells treated for 24 
h with PBS control, TGF-P, HGF, 100 nM TAT- 
p27 tt protein, 180 nM TAT-pl 6*' protein or 100 
nM TAT-p27*' protein, c, Percentage of cells from 
(a) undergoing migration, d, HGF and transduced 
full-length TAT-P27*" protein induce filopodia 
formation. Fluorescent photomicrographs (origi- 
nal magnification, x400) of HepG2 cells treated 
for 24 h with PBS (control), TGF-P, HGF, TAT- 
Cdk2 UN orTAT-p27*' protein and stained for actin filaments with rhodamine- 
conjugated phalloidin. e, Direct comparison of soluble (SL), correctly folded 
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achieve the required intracellular threshold level to elicit cell mi- 
gration. Thus, we conclude that using urea-denatured TAT fusion 
proteins enhances the ability of transduced proteins to modulate 
biological processes. 

Future directions 

Our contribution to advancing protein transduction has been to 
generate an in-frame TAT bacterial expression vector (pTAT-HA) 
and to devise a misfolding purification protocol that achieves two 
goals. First, most bacterially expressed recombinant proteins are 
insoluble and present in inclusion bodies, and our protocol al- 
lows for the purification and use of this material. Second, to tra- 
verse the cell membrane, TAT fusion proteins may require partial 
unfolding. Therefore, the use of energetically unstable (high AG), 
urea-denatured fusion proteins seems to enhance the ability to 
transduce proteins into cells. Transduced denatured proteins may 
be refolded by chaperones 11 such as HSP90 (ref. 12). 

Because of size constraints, research on therapeutically impor- 
tant proteins has focused on miniaturization of protein-specific 
functions, such as contact sites. However, large protein domains 
have been evolutionarily selected to yield high-affinity active sites, 
protein-protein and protein-DNA contact sites. As an example, in 
our lab, 300 llM of a 20-amino acid pi 6 peptidyl mimetic 19 is re- 
quired to elicit a Gj phase cell-cycle arrest (D. Gius & S.F.D., un- 
published observation); however, only 150 nM of full-length 
TAT-pl6 protein is required 14 . Thus, transduction of full-length 
pi 6 protein into cells increases the specificity of the biological re- 
sponse by three orders of magnitude compared with that of a pep- 
tidyl mimetic. We conclude that transduction of denatured 
proteins directly into -100% of primary or transformed cells has 
broad implications for regulating intracellular processes in exper- 
imental systems and has the potential to allow development of 
new therapeutic strategies using full-length proteins and protein 
domains that retain high affinities for their intracellular targets. 
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Summary; Two peptide analogs of the 37-62 sequence region of the HIV TAT protein bind tightly to 
the surface of A43 1 breast carcinoma cells. After conjugation to either of two poorly internalized anti- 
tumor antibody Fab fragments, the analogs enhanced the in vitro cell surface retention and internalization 
of the Fab fragments to the level of the whole antibodies. This was at the expense of some binding 
specificity in the case of 1 . 6 peptides/NRLU- 1 0 Fab, but not in the case of 1 . 1 peptides/Fab. Enhanced 
retention may occur by enhanced bivalent binding of the Fab fragments. The internalized traction of free 
peptide, but not of the Fab conjugates, is enhanced by chioroquine. The conjugates which were less 
specific for tumor cell binding may be useful for enhanced retention/ internalization of specifically acting 
agents, for use at specific sites of injection, or against pre-separated target cell populations, while the 
more specific conjugate may be of interest for further development, ■i.- 19 1 >J Academic Press, Inc. 



Enhancing the cell surface binding or internalization of proteins such as monoclonal antibodies or drug 
delivery agents may improve certain of their properties, such as the effectiveness of the drug, or their 
circulatory half life. Poorly internalized monoclonal antibody Fab fragments may be useful for testing such 
retention enhancers, and improved internalization or retention may be useful for therapeutic monoclonal 
fragments, such as anti-tumor antibodies used for radiotherapy. Typically, about 0.005% of an injected 
dose/gram localizes in or at tumor sites. This may need to be increased 10-fold or more for effective 
therapy (1). 

The HIV TAT protein is an 86-102 residue (depending on virus strain) immediate early protein that 
can transactivate the expression of specific HIV genes. It has a cysteine-rich domain involved in zinc- 
mediated dimerization (2), an activation domain (3-4) and a highly basic region involved in TAR RNA 
recognition (5) which contains a nuclear localization sequence. The whole protein is rapidly taken up by 
HeLa cells (3, 6), and synthetic peptides derived from this basic region, including residues 37-62, can 
have minimal but clear transactivation activity (4). 

Here we examine the effect of residues 35-62 on in vitro tumor retention when covalently attached to 
Fab fragments of two different poorly internalized mouse antitumor antibodies. These fragments have 
been used in clinical trials for the imaging of metastatic melanoma (7) and for detection and staging of 
small cell lung carcinomas (8-9). Fab fragments were chosen as they more rapidly penetrate the tumor 
than whole antibodies, but are not as easily retained at tumors as are whole antibodies, allowing a ready 
measure of enhanced retention effects. 
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MATERIALS AND METHODS 



Peptide Synthesis. Peptides were synthesized on p-methylbenzhydrylamine resin (0.6 meq/g) on an 
Applied Biosystems 430A peptide synthesizer using standard boc-benzyl cycles. Coupling yields were 
monit red by ninhydrin using resin collected automatically, and were all above 99.3% for the single- 
coupled parent peptide: 



This peptide includes the sequence from residues 35-62 of the HIV TAT protein in its positions 4-3 1, a 
CGG spacer at the N terminus and a cys (S-acetamidomethyl) at position 6 protected to avoid 
crossl inking at this residue. The 35*62 sequence was selected from references 3 and 10. Other HIV 
isolates can have somewhat altered sequences in this region (see for example 11-12). The standard N- 
methylpyrrolidone-dimethylsulfoxide synthesis protocol was modified to include shaking of the coupling 
vessel during addition of the boc-amino acids. This avoided clumping of the resin observed in trial 
syntheses when coupling in the lys and arg rich region. The peptide was acetylated at the N-terminus with 
[ l4 C]-acetic anhydride while on the resin (13), cleaved using the low-high HF protocol (14), extracted 
with 10% acetic acid, lyophilized, and purified by C4 reversed phase chromatography (13). The final 
specific radioactivity of pure peptide was 1.8 mCi/mmol. 

For retention studies of the free peptide, an additional analog (peptide 2) was synthesized as a control. 
In this analog, the N terminal sequence was modified to include tyrosines to direct radioiodination to this 
part of the sequence and less to the tyrosine just before the positively charged region: 



Peptides were checked by amino acid analysis using in vacuo gas phase hydrolysis (15) and derivatization 
and chromatography using the Hewlett Packard AminoQuant amino acid analysis system, and by Edman 
degradation sequencing using a Porton sequencer. 

Crosslinked Fab-peptide complexes, [ 1 4 C]-labeled peptides were crosslinked to Fab fragments of the 
anti-melanoma antibody NRML-05 ( 16) and the pan-carcinoma antibody NRLU-10, which binds a 39 
kDa cell surface antigen (17), using the heterobifunctionai crosslinker sulfosuccinimidyl 4-(N- 
maleimidomethyI)-cyclohexane-l*carboxylate (sulfo-SMCC) with methodology described in (13). A 10- 
fold excess of N-ethylmaleiimide was added to react with any remaining free peptide thiols after reaction 
of peptide with Fab-SMCC, to prevent formation of disulfide-linked peptide dimers which in test runs 
were difficult to separate from conjugates by gel filtration. 

Different matrices were screened for purification of the peptide-Fab complexes. Silicon-based columns 
or ultrafiltration membranes gave poor recovery of both free peptide and conjugate. This may be due to 
the stickiness of the peptide. The best results were obtained on carbohydrate-based matrices such as 
Pharmacia's Superose resin. The recovery of conjugate after final purification on a Pharmacia Superose 
12 column (1.5 x 28 cm, 5 pooled injections, flow rate 0.5 ml/min.) was 49%. The peptide-Fab 
complexes were assayed for covalency of peptide attachment to Fab by incubation in 6M guanidine 
hydrochloride and 0. 1 M dithiothreitol for 1 hour at 26 oC before chromatography on a C4 reversed 
phase hplc column, as described (13). The stoichiometry of attachment was derived from the peptide 
specific activity and the counts covalently bound in the conjugate. 

Assay for tumor cell retention. Complexes of Fab-SMCC-peptide were radioiodinated using iodobeads 
(Pierce Chemical Co., Rockford IL) as described (13). The final specific activity of the conjugates was in 
the range of 0.2-1. 1 fiCi/jig Fab in different experiments. For the chloroquine experiments (fig. 3), the 
specific activities (^Ci/ftg) were: Fab, 0. 12; Fab- 1.6, 1 .09; tat peptide, 0. 1 7. For the experiments in fig. 2 
the specific activities were Fab, 0.51; Fab-1. 1, 0.23; and Fab-1.6, 0.23. Constant amounts of conjugate 
(and thus variable counts) were used with the tumor cells. On HT-29 cells, for example, 0.7 f*g Fab were 
cell surface bound at t=0. With the 10° cells used in the retention assays, saturating amounts of Fab were 



CGGQVC(Acm)FlTKALGISYGRKKRRQRRRPPQGS-amide 



CGGYYKYYQVC(Acm)FITKALGISYGRKKRRQRRRPPQGS-arnide 
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in the range of 5-10 fig, thus the Fab used was well below that required for saturation of surface antigen 
binding sites. 

Assays for the retention of conjugates on FEMX human melanoma cells (for NRML-05) or HT-29 
colon carcinoma cells (for NRLU-10) were performed as described (13). The shed cpm indicate 
c njugate which is n t bound to cells, cell surface cpm indicate conjugate stripped by two pH 2.5- 
chyraopapain treatments after unbound conjugate was separated by centrifugati n, and internalized cpm 
indicate conjugate remaining after the acid-chymopapain stripping of the cell surface (18). 

Attachment to or desorption of free peptide or conjugate from tumor cells was fit to a first order 
process using the program REDUCEP (19). 

ELISA assay of antigen binding. Competition ELISA was used to assay the effect of peptide 
derivatization on the antigen binding activity of each Fab (13). Briefly, the NRLU-10 antigen extracted 
from LSI 74 colon carcinoma cells, or the NRML-05 antigen extracted from A375 met-mix melanoma 
cells, was used to coat ELISA plates. The test conjugate was then mixed with biotin-labeled whole 
antibody, varying in concentration from 0.9 to 70 nM, and both were equilibrated in the ELISA wells. 
After washing, the bound fragment was detected by the loss of whole antibody binding, which was 
detected with streptavidin-horse radish peroxidase. The apparent inhibition constants were the 
concentration of conjugate half-inhibiting whole antibody binding. 

RESULTS 

Characterization of NRLU-10 Fab-peptide \ conjugates. These conjugates were analyzed by gel 
filtration chromatography, reversed phase chromatography, and ELISA (Table 1 ). Unlike the more 
complex species resulting from derivatization with a negatively charged amphipathic peptide (13), 
conjugates with peptide 1 gave two separate peaks by gel filtration (data not shown). The higher 
molecular weight peak ("Fab-1.6"), pooled from 5 preparative runs, contained an average of 1 .61 
peptides/Fab, while the lower molecular weight peak ("Fab- 1.1") contained an average of 1 .07 
peptides/Fab. The Fab-1.6 conjugate appears to bind antigen three times tighter than Fab-1 . 1 , while the 

FabM. 1 conjugate has slightly diminished antigen binding relative to the Fab. Neither binds antigen as 
well as the whole antibody control, which has an apparent K; half as large as that of unmodified Fab. The 



Table 1. Properties of NRLIMO Fab, mAb and Peptide 1 Conjugates 





Fab- 1.1 


Fab-1.6 


Fab 


whole mAb 


MWapp, kDa a 


50 (n=3) 


91 (n=3) 


50 (n=l) 


150 (n=l) 


bound * 4 C-peptide/Fab 


1.07 


J 61 






Kj,nM*> 


96+A9.6 


36+/-] 7 


56+7-2.6 


20+/-8.5 




(n=2) 


(n-2) 


(n=3) 


(n=5) 


mole-percent peptide 


100 


99 1 







covalently attached 

a Obtained by gel filtration on a 1 .5 x 28 cm Pharmacia Superose 12 column in phosphate buffered 
saline, pH 7 4, 22 °C, eiuted at 0.5 ml/min. The Fab fragment molecular weight was assumed to be 50 
kDa, and the whole IgG2b antibody molecular weight 150 kDa. 

b Apparent inhibition constant obtained by competition ELISA with the indicated number of replicates 
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peptide, essentially entirely covalently bound, appears t cause a higher apparent molecular weight for 
the Fab-1 .6 complex (91 kDa) than for the control Fab (50 kDa) or Fab-1 . 1 complex (50 kDa). 
Retention of free peptides n tumor cells. Figure I shows the time-dependence f tumor cell 
retention f peptides 1 and 2 on NRLU-10 antigen positive HT-29 cells. After 24 hours, ca. 15-20% of 
peptides 1 and 2 were internalized. About 80% or more of both peptides were cell-surface associated 
initially, while 45% of peptide 1 and 20% of peptide 2 remained bound to the cell surface after 24 hours. 
Thus both peptides are significantly bound to the cell surface or internalized. 

The loss of peptide from the cell surface is well approximated by a first order process with a rate 
constant of 0.089 hr* (peptide 1) or 0.31 hr 1 (peptide 2), while the increase of shed counts is 
described by a first order rate constant of 0. 16 hr 1 (peptide 1) and 0. 14 hr 1 (peptide 2). Thus peptide 1 
appears to have a slower desorption rate from the cell surface than peptide 2, The similarity of the rate 
constants for peptide 1 loss from the cell surface and the appearance of shed counts suggests that they 
may be due to desorption of some of the peptide from the cell surface. 

Retention of pepttde-NRLU-10 Fab complexes on tumor cells. Figure 2 shows the retention of 
peptide conjugates of NRLU-1 0 Fab on antigen-positive and antigen-negative cells. The Fab control 
appears to be specifically associated with antigen positive cells (5-8% cell-surface bound vs. 2% cell- 
surface bound on antigen negative M14 cells) over ca. 24 hours while the Fab fragment is internalized 
nonspecifically and to a very limited extent. The shed component is not shown, but represents the counts 
left over after the cell surface and internalized counts are plotted. 

The Fab- 1. 1 conjugate exhibits enhanced cell surface retention on antigen positive cells, up to 41% of 
total conjugate at 1 hour and 22% after 24 hours. This appears to be significantly more than on antigen 



FREE PEPTIDES 

100 T 




TIME, HOURS 

Figure 1. Retention/intemalization of [ 1 25 I]-peptides 1 and 2 on HT-29 colon carcinoma cells over 24 
hours. Peptides I (open symbols) and 2 (solid symbols) are listed as shed (free in solution; triangles), cell 
surface bound (squares), or internalized (circles). At t=0, 10800 cpm of peptide 1 were internalized, 
40650 were surface bound, and 69500 were shed. The HT-29 cells are antigen positive for NRLU-10 
Fab. 
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CELL-ASSOCIATED CONJUGATES 
Fab 




I 2 4 

TIME, HRS. 



INTERNALIZED CONJUGATES 
Fab 




I 2 4 
TIME. HRS. 



Fab-1 .1 



Fab-1. 1 




2 4 6 

TIME, HRS. 




2 4 
TIME, HRS. 



Fab-1. 6 



Fab-1.6 




2 4 6 
TIME, HRS. 




TIME, HRS. 



Fi gure 2± Specificity of cell surface-bound and internalized NRLU-10 Fab and Fab-peptide 1 conjugates 
on antigen positive cells (HT-29 colon carcinoma cells, solid bars) and antigen negative cells (Ml 4 
human melanoma cells, hatched bars). Data were obtained in triplicate for each point, and error bars 
representing one standard deviation are shown. Shed counts, representing free Fab or conjugate in 
solution, are not shown. Specific interactions were obtained for Fab and Fab-1 . 1 binding to antigen 
positive cells. The mole percent of the total conjugate or Fab is shown on the y-axis. 



negative cells, where cell surface conjugate is maximal at about 10% of the total, after 1 hour. The 
internalized fraction of Fab-1 .1 is maximal on antigen positive cells at 7-7.5% at 4-6 hours and decays to 
4.3% after 24 hours. Similar values for internalized Fab- 1.1 are obtained on antigen negative cells. 
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The Fab-1.6 conjugate exhibits cell surface retention roughly similar to that of the Fab-1 . 1 conjugate 
on antigen positive cells. However the antigen-negative cells also show a similar level of cell surface 
retention, peaking at 37% and 32% after 1 hour for antigen positive and negative cells, respectively. 
Internalization, enhanced 10-fold or mor over Fab al ne for both antigen positive and negative cells, 
reaches levels of 10-15% after 6 hours. 

The kinetics of cell surface binding and internalization appear to differ from those of free peptide, 
reaching a peak after 1 hour with subsequent decay in the case of cell surface binding or reaching a peak 
after 6 hours with subsequent decay in the case of internalization. This biphasic pattern resembles that of 
Fab alone. 

As a control, the retention of the whole IgG2b antibody NRLU-10 was tested on antigen positive 
HT-29 ce!ls(Fig. 3). About 7 mole-percent of antibody is internalized after 6 hours, and this diminishes 
slightly after 24 hours. About 60% of the antibody is cell surface bound after 1 hour, and this slowly 
decreases to ca. 45% after 24 hours. These results are similar to the retention of the Fab-1 . 1 and Fab-1 .6 
peptide conjugates. Since the whole antibody is an IgG, this result suggests that bivalent binding to the 
cell surface may be responsible for the enhanced peptide conjugate internalization seen above. 
Effect of chloroauine on conjugate retention/intemalizatton. Chloroquine has been shown to 
enhance internalization of the free TAT 86mer protein in HL3T1 cells by 10 3 fold (5). We tested the 
effect of 100 fiM chloroquine on the uptake of free peptide 1 by A43 1 breast cancer cells(Fig. 4) which 



WHOLE NRLU-10 ANTIBODY 




TIME, HOURS 

Figure X Cell surface binding and internalization of the whole monoclonal antibody NRLU-10 on HT-29 
cells. The mole-percent of total antibody is plotted vs. time. The cell surface binding (open circles) and 
internalized fraction (open squares) appear similar to the Fab- 1.1 and Fab- 1 .6 conjugates. Both are 
significantly enhanced for this bivalent antibody over its underivatized Fab fragment. Shed counts are 
represented as closed squares. 



881 



Vol. 194, No. 2, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 



PEPTIDE 1 
too -. 




Figure 4, Cell surface binding and internalization of peptide 1 in the presence and absence of 
pretreatment of HT-29 colon carcinoma cells with 0. 1 mM chloroquine. The high level of surface 
binding of free peptide (solid triangles) is not diminished by chloroquine treatment (open triangles). 
Internalized free peptide (solid squares) is decreased by up to ca. 60% after 24 hours (open circles) in 
the presence of chloroquine. 

Figure 5^ Internalization and cell surface binding of the NRML-05 Fab fragment and a Fab-5.6 peptide 1 
conjugate on human FEMX melanoma cells. The cell surface binding of Fab (solid triangles) is more 
than doubled by attachment of peptide 1 (solid circles) while the very low percentage of Fab which is 
internalized (open squares) is substantially increased by attachment of peptide 1 (open circles). The y- 
axis represents the mole percent of the total conjugate which is either internalized or surface bound. 
Shed counts are not shown. 



are antigen-positive for NRLU-10. Chloroquine had no effect on the cell surface bound peptide, as 
expected since this peptide fraction is not internalized. Chloroquine diminished the internalized peptide 
by about 50% at 24 hours. Thus some peptide may be internalized into an acidic internal compartment. 

For either free Fab or the Fab-1 .6 conjugate, chloroquine had essentially no effect on the cell surface 
conjugate, or on the internalized component (data not shown). Thus peptide 1 when attached to Fab 
may go to a different intracellular compartment than free peptide. We thus did not see the dramatic 
increase in internalization reported with the TAT protein into other cells. 

Peptide l-NRML-05 Fab conjugate retention. To test whether peptide t-mediate&increases in Fab 
retention are antibody-antigen pair specific, as we have observed with an amphipathic negatively charged 
peptide (13), peptide 1 was conjugated to the Fab fragment of the anti-melanoma antibody NRML-05 
(Fig. 5). After reaction and purification by gel filtration as described in the methods section, an average 
of 5.6 peptides per Fab were attached. Antigen binding as measured by competition ELISA gave 
apparent inhibition constants of 25 nM (whole antibody), 260 nM (Fab) and 260 nM (Fab-5.6 peptides). 
This level of derivatization thus does not appear to be deleterious to antigen binding of this Fab, nor 
does it enhance the Fan's apparent affinity for antigen positive cells. 

Results in Fig. 5 show that the cell surface binding to antigen positive FEMX ascites is enhanced by 
peptide from 15-20% (Fab alone) to over 50% for the conjugate, and that internalization of the Fab 
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fragment is increased from 2-3% to 8-10% for the conjugate. Thus the enhanced cell surface binding and 
internalization seen by peptide 1 attachment to Fab fragments is not confined to a single antigen- 
antibody pair. Chloroquine (100 /tM) had no effect n the internalization of this conjugate (data not 
shown). 

Discussion 

We have found that attachment of a peptide including residues 37-62 of the HIV TAT protein to two 
different poorly internalized Fab fragments substantially increased their cell surface binding and entry 
into cells. A previously examined negatively charged amphipathic peptide (13) increased cell binding and 
entry for only a single Fab (NRML-05)-antigen pair. Thus the TAT fragment may be more generally 
useful in this regard. The free peptide analogs appear to be intrinsically sticky, with ca. 45 mole-% of 
peptide I remaining cell surface-bound after 24 hours in vitro . 

Attachment of peptide 1 to either NRML-05 or NRLU-10 Fab appears to increase internalization 
roughly 10-fold, although the levels remain relatively low. This may be a result of increased cell surface 
binding from 10% to ca. 30% after I hour ((NRLU-10 Fab-peptide), and from less than 20% to above 
50% after 1 hour ((NRML-05 Fab-peptide). The disappearance of ,25 I counts from internalized 
conjugate may be due to catabolism of the labeled Fab fragment with subsequent excretion of 125j fr om 
the cell (IS). Our results may thus underestimate the internalized conjugate. 

The active core of the highly basic TAT protein has been proposed to involve the sequence GRKKR, 
which is present in both peptides tested here, and which when fused to the N-terminus of beta 
galactosidase allowed its accumulation in the cell nucleus (10). We have observed that 125 I-labeled 
peptide 1 also accumulates in the nucleus of A43 1 cells (data not shown), suggesting that the alterations 
in the sequence of the analog used here may not destroy its nuclear localization. Internalization does not 
appear to be limited by Fab binding to antigen, since internalized amounts of Fab or conjugate appear 
similar in antigen positive and negative cells. Although chloroquine modestly increases internalization of 
free peptide I , it fails to increase internalized counts of either of the two Fab conjugates. Thus an 
internal acidic compartment does not appear to be involved in conjugate entry into cells. Poly(L -lysine), 
previously used as a polycat ionic drug carrier (20), increases the weak base-sensitive internalization and 
potency of conjugated antiviral antisense DNA fragments (21 ). Thus although the TAT-derived peptides 
used here contain a core of basic residues, their internalization appears different than that of the much 
larger 1 4 kDa polylysine conjugate. 

It might be expected that attempts to increase the retention of a Fab fragment by addition of a less 
specific secondary interaction could decrease the specificity of Fab interaction with the tumor cell, as we 
have observed with a negatively charged amphipathic peptide (13). This is observed, except in the case 
of the 1 : 1 .07 NRLU-10 Fab-peptide 1 binding to the cell surface of A43 1 cells. Since the apparent 
inhibition constant of this conjugate is not decreased in ELISA experiments, the increased apparent 
retention may be due to a kinetic effect (slower desorption rate) instead of tighter equilibrium binding. 
Derivatization with 1 .6 peptides/Fab appears to abolish the remaining specificity of cell surface binding, 
but enhances the level of internalization of the conjugate to that of the whole antibody. Thus 
internalization may be due to the fraction of conjugate which can bivalently or multivalent^ bind to cells. 
The fraction which binds specifically to the cell surface may include underivatized Fab. If the derivatives 
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were binomially distributed am ng 3 states for Fab-1 . 1, roughly 1/4 would be underivatized, 1/2 w uld 
be mono-derivatized, and 1/4 would be derivatized with two peptides. Th mono-derivatized Fab may be 
more specifically attached to the cell but less efficiently internalized. It is also possible that an additional 
lysin in a hypervariable loop is derivatized at the higher level of modification of Fab-1 .6, resulting in a 
loss of specificity. 

Since a conjugate retaining some specificity of cell surface binding with enhanced retention properties 
can be produced with NRLU-10 Fab, production of site-directed derivatives by cloning and mutagenesis 
of the Fab fragment to include a unique surface cysteine for attachment might be useful to further 
explore the effect of the site of peptide derivatization on cell binding specificity. Peptide 1 genetically 
fused to NRLU-10 Fab, away from the hypervariable loops, might be of interest to separate the 
properties of Fab with 1 or 2 peptides attached. The lack of specificity of the Fab-1 .6 conjugate might 
restrict its potential use, or that of similar conjugates lacking specificity but possessing improved cellular 
retention, to delivery of agents which themselves impart specificity of action such as ami sense RNA or 
ribozymes, to injection at specific sites, or to eg vivo use against selected cell populations. 
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At present, treatment of HIV infection uses small inhibitory molecules that target HIV protease; 
however, the emergence of resistant HIV strains is increasingly problematic. To circumvent this, 
we report here a new Trojan horse' strategy to kill HIV-infected cells by exploiting HIV protease. 
We engineered a transducing, modified, apoptosis-promoting caspase-3 protein, TAT-Casp3, 
that substitutes HIV proteolytic cleavage sites for endogenous ones and efficiently transduces 
about 100% of cells, but remains inactive in uninfected cells. In HIV-infected cells, TAT-Casp3 be- 
comes processed into an active form by HIV protease, resulting in apoptosis of the infected cell. 
This strategy could also be applied to other pathogens encoding specific proteases, such as he- 
patitis C virus, cytomegalovirus and malaria. 



Production of infectious virions from HIV-infected cells de- 
pends on expression of HIV protease for cleavage and matura- 
tion of structural Gag and Gag-Pol polyproteins 1 " 5 . Thus, 
treatment of HIV infection now uses small molecule protease 
inhibitors 6 ; however, selection for resistant protease proteins, 
involving single or double mutations, has been widely docu- 
mented and is increasingly problematic 4,7 " 9 . Moreover, HIV-in- 
fected cells that respond to protease inhibitors show 
significantly increased longevity 6 . Thus, an alternative ap- 
proach for treating HIV patients that results in the death or 
apoptosis of infected cells, thereby limiting or eliminating virus 
production, while leaving uninfected cells unharmed, would 
offer a considerable advantage over treatments now available. 

Activation of caspase-3 (Casp3) has been shown to be a 'rubi- 
con* of apoptosis by cleavage of the inhibitor of caspase-acti- 
vated DNAse, resulting in the activation of caspase-activated 
DNAse and, ultimately, cell death 1015 . In addition, activated 
Casp3 can catalyze the activation of inactive Casp3, thereby fur- 
ther amplifying the apoptotic signal. Casp3 zymogen contains 
an N- terminal Pro domain, followed by a caspase cleavage 
recognition site, then the pi 7 domain that contains the cat- 
alytic Cys residue, a second caspase cleavage site and finally the 
pi 2 domain (Fig. 1 a) . The zymogen form of Casp3 remains inac- 
tive; however, during apoptotic signaling, it is cleaved by up- 
stream caspases, such as caspase-8 in T cells", resulting in loss of 
the Pro domain and an active pl7:pl2 heterotetramer 13 . 

Rather than attempting to inactivate the viral replication ma- 
chinery, we report here a new 'Trojan horse' strategy to treat 
HIV-infected cells that exploits the HIV protease to kill the in- 
fected cell while leaving uninfected cells unharmed. To do so, 
we engineered a modified caspase 3 protein, TAT-Casp3, that 
transduces about 100% of infected and uninfected cells. 
However, because of the substitution of endogenous cleavage 
sites for HIV proteolytic cleavage sites 16 , TAT-Casp3 is only 
specifically activated by HIV protease in infected cells, resulting 
in apoptosis, whereas in uninfected cells it remains in the inac- 



tive zymogen form. By substituting proteolytic cleavage sites, 
this strategy could be applied to other pathogens encoding 
specific proteases, such as hepatitis C virus 17 , cytomegalovirus 18 
and malaria 19 . 

Results 

We first generated a modified Casp3 protein by deleting two 
residues from the two endogenous caspase cleavage sites (Asp- 
Ser) on Casp3 and inserting fourteen residues encompassing 
the HIV pl7-p24 gag cleavage site ('A' site) and a p7-pl cleav- 
age site ('D' site)(ref. 20; Fig. la). To introduce the modified 
Casp3 protein into cells, we used our published method of 
transducing cells directly with full-length proteins 21 " 24 . 
Bacterially produced, misfolded fusion proteins containing an 
in-frame N-terminal protein transduction domain from HIV 
TAT are capable of transducing, in a rapid and concentration- 
dependent manner, about 100% of all target cell types, includ- 
ing peripheral blood lymphocytes, all cells present in whole 
blood, diploid fibroblasts, fibrosarcoma cells, hepatocellular 
carcinoma cells and leukemic T cells 21 " 24 . The Pro domain of the 
modified Casp3 was removed and substituted with the TAT 
transduction domain, resulting in TAT-CaspS^ fusion protein 
(Fig. la). In addition, a catalytically inactive TAT-Casp3 mu- 
tant protein was generated by substituting a Met residue for the 
Casp3 active site Cys 163 residue (TAT-Casp3 Min ). 

To test the ability of TAT-Casp3 proteins to transduce cells, 
TAT-Casp3 proteins were conjugated to fluorescein (FITC) , then 
added directly to the media of Jurkat T cells and analyzed by 
flow cytometry (FACS) (Fig. lb and c). Both TAT-CaspS^ and 
TAT-CaspS"" 7 proteins rapidly transduced about 100% of cells, 
achieving maximum intracellular concentration in less than 20 
min. In addition, given the narrow peak width before and after 
addition of FITC-labeled proteins, individual cells within the 
population contain nearly identical intracellular concentrations 
of TAT-Casp3-FITC protein. Confocal microscopic analysis 
showed the presence of TAT-Casp3-FITC proteins in both cyto- 
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Fig. 1 Generation and transduction with TAT fusion proteins, a, HIV 
cleavage site sequences and domains of TAT fusion proteins, b-d, FACS ki- 
netic analysis of fluorescein (FITC)-labeled TAT-CaspS" 1 , TAT-CaspS"" 1 
and TAT-HIV Pr proteins added to cells at 0 (green), 20 (red) and 30 (pur- 
ple) min. e, FACS dose analysis 1 h after addition 3 (purple), 6 (red) or 12 



(blue) nM TAT-CaspS^-FITC protein to cells. There was rapid, concentra- 
tion-dependent transduction of about 100% of cells by all FITC-labeled 
protein and nearly identical intracellular concentrations within the popula- 
tion (as measured by FACS peak width of control (green) compared with 
transduced cells). 



plasmic and nuclear compartments, and not merely attached to 
the cellular membrane (data not shown). FACS analysis of trans- 
duced cells at equilibrium 1 hour after the addition of 3, 6 or 12 
nM TAT-CaspS^-FITC protein demonstrated protein transduc- 
tion is concentration dependent (Fig. 1 e) . Thus, TAT-Casp3 pro- 
teins readily transduce 100% of all cells in a rapid and 
concentration-dependent fashion. 

To test HIV protease cleavage of heterologous substrates after 
transduction, we devised a model substrate by inserting HIV 
proteolytic cleavage sites into a TAT-p 16 fusion protein 21 * 22 * 24 . 
The HIV A cleavage site was inserted between the TAT and pi 6 
domains, yielding TAT-A-pl6 fusion protein (Fig. la). In addi- 
tion, we generated a transducing HIV protease (TAT-HIV 
Pr) (Fig. 1 A). FITC-labeled TAT-A-pl6 (data not shown), TAT-16 
proteins 21 24 and TAT-HIV Pr protein (Fig. 1 d) also rapidly trans- 
duced 100% of cells. To assay for in vivo cleavage, pl6(-) Jurkat T 
cells were transduced with 100 nM TAT-A-pl6 or control 
TAT-p 16 protein (no HIV cleavage site) alone or in combination 
with 50 nM TAT-HIV Pr fusion protein for 5 hours and analyzed 



by anti-pl6 irnmunoblot for in vivo cleavage at the HIV A prote- 
olytic cleavage site (Fig. 2a). Co-transduction of TAT-A-pl6 pro- 
tein substrate with TAT-HIV Pr resulted in specific substrate 
cleavage, whereas control TAT-p 16 protein (no HIV cleavage 
site) was not cleaved. Size analysis of the cleaved TAT-A-pl6 
protein was consistent with retention of the residual HIV half- 
site present on the N terminus of pi 6 (Fig. 2a, lanes 4 and 5). 
Moreover, the HIV A site was preferentially cleaved rather than 
a D site containing TAT-D-pl6 protein in this assay (data not 
shown). We next transduced cells with TAT-CaspS 1 *^ protein in 
combination with TAT-HIV Pr protein (Fig. 2b). Co-transduc- 
tion with TAT-Casp3 and TAT-HIV Pr resulted in detection of 
specific cleavage of TAT-Casp3 at the HIV A site between the 
pi 7 and pl2 domains in an HIV protease-dependent fashion, 
yielding a TAT-D site-pl7-A half-site protein. These observa- 
tions demonstrate that transduced TAT-A-pl6 and TAT-Casp3 
proteins containing heterologous HIV cleavage sites can be rec- 
ognized as substrates by TAT-HIV protease in cell culture. 
We next tested the ability of TAT-Casp3 protein to induce 
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Fig. 2 In vivo substrate processing in co-transduced cells, a, Cultures of 
p16(-) Jurkat T cells were transduced with TAT-p16 or TAT-A-p16 substrate 
proteins in combination with TAT-HIV Pr proteins for 5 h and analyzed by 
anti-p1 6 irnmunoblot. Co-transduction of TAT-A-p16 protein with TAT-HIV 
Pr protein resulted in specific cleavage at the HIV A site, pi 6 WCE (far right 
lane), HepG2 whole-cell lysate containing wild type endogenous p16; A-p16 
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(right margin of blot), cleaved TAT-A-1 6 product retaining the HIV half-site 
on pi 6. b, Cultures of Jurkat T cells were transduced with TAT-CaspS 1 *" pro- 
tein (TAT-D site-p17 domain-A site-pi 2 domain) alone or in combination 
with TAT-HIV Pr protein and immunoblotted with anti-caspase-3 antibodies 
specific for the pi 7 domain. TAT-D-p17-A (right margin of blot), cleaved 
product of TAT-Casp3 containing the N-terminal HIV A half-site. 
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Fig. 3 Activation of TAT-Casp3 and apoptotic induction in co- 
transduced cells, a, Cultures of Jurkat T cells were transduced with com- 
binations of TAT-CaspS*" (WT). TAT-CaspS"" 7 (MUT) and TAT-HIV 
protease (Pr) proteins for 16 h and analyzed for cell viability. Co- 
transduction with TAT-CaspS* 1 and TAT-HIV Pr protein resulted in spe- 
cific cytotoxicity, whereas transduction with TAT-CaspS**" and TAT-HIV 
Pr did not. Inclusion of HIV protease inhibitor Ritonavir (Rit) blocked acti- 
vation of the TAT-CaspS* 1 protein and protected cells from cytotoxic ef- 
fects, b, Cultures of Jurkat T cells were co-transduced with TAT-Casp3 w 
(WT) or TAT-CaspS™ 1 (MUT) proteins in combination with TAT-HIV Pr 
(Pr) protein and analyzed for kinetics of cell viability. Ctrl, control (PBS 
addition to culture). 



apoptosis in cells co-transduced with TAT-HIV Pr protein. 
Jurkat T cells were treated with 100 nM TAT-CaspS^ or 
TAT-CaspS" 0 * proteins alone or in combination with 50 nM 
TAT-HIV Pr protein and assayed for cell viability 16 hours after 
treatment (Fig. 3a). Transduction of cells with TAT-CaspS^ 
protein alone demonstrated a small amount of cytotoxicity. 
However, co-transduction of cells with TAT-CaspS* 1 " and 
TAT-HIV Pr protein resulted in considerable cytotoxicity. Co- 
transduction of cells with TAT-CaspS^ and TAT-HIV Pr pro- 
tein showed only a small amount of cytotoxicity and also 
demonstrated an absence of TAT-HIV Pr cytotoxic effects on 
cells. To further demonstrate the requirement for HIV protease 
to activate TAT-Casp3 protein, cells were first pretreated with 
the HIV protease inhibitor Ritonavir (1 pg/ml), then co-trans- 
duced with TAT-CaspS^ or TAT-CaspS 1 ^ in combination with 
TAT-HIV Pr protein (Fig. 3a). Pretreatment of cells with 
Ritonavir resulted in protection from the cytotoxic effects of 
TAT-CaspS^ protein when co-transduced with TAT-HIV Pr 
protein. Kinetic analysis of TAT-Casp3-dependent cell death 
demonstrated a linear killing curve with cellular death detected 
as early as 4 hours after transduction (Fig. 3b). These results 
demonstrate that cytotoxicity occurs only in the presence of 
catalytically active TAT-CaspS^ protein and that activation of 
TAT-CaspS^ specifically requires active HIV protease, consis- 
tent with HIV protease cleavage of TAT-Casp3 (Fig. 2b). 

Activation of endogenous Casp3 results in DNA degradation 
and apoptosis 10 " 15 ; therefore, we assayed transduced cultures for 
degraded genomic DNA by TUNEL assay 25 , an apoptotic end- 
marker. Transduction of cells with 100 nM TAT-CaspS^, 100 
nM TAT-CaspS^ or 50 nM TAT-HIV Pr protein alone showed 
only background levels of TUNEL-positive cells (Fig. 4a). 
However, co-transduction with TAT-CaspS^ and TAT-HIV Pr 
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protein resulted in a considerable increase in TUNEL-positive 
cells. Co-transduction with TAT-CaspS"" 7 and TAT-HIV Pr pro- 
tein produced only a background level of TUNEL-positive cells 
(Fig. 4a). We also assayed for activation of TAT-Casp3 by assess- 
ing its ability to cleave an artificial caspase-3 substrate. Jurkat T 
cells were treated with 100 nM TAT-CaspS^ or TAT-Casp3 MUT 
proteins alone or in combination with 50 nM TAT-HIV Pr pro- 
tein for 6 hours and then assayed for cleavage of DEVD-AFC 
(ref. 26) by release of fluorescent AFC (Fig. 4b). Consistent with 
our TUNEL results, co-transduction with TAT-CaspS^ and 
TAT-HIV Pr proteins resulted in a substantial increase in caspase 
activity that was greater than a positive control of cross-linking 
the pro-apoptotic FAS death receptor with antibodies (aFAS). 
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Fig. 4 HIV protease activates 
TAT-CaspS^ protein, a, Cultures 
of Jurkat T cells co -transduced 
with TAT-CaspS"" (WT) and 
TAT-HIV protease (Pr) protein re- 
sulted in specific TUNEL-positive 
cells. However, transduction by 
TAT-CaspS"" 7 (MUT) in combina- 
tion with TAT-HIV Pr protein and 
transduction by TAT-CaspS*", 
TAT-CaspS™ 1 or TAT-HIV Pr pro- 
teins alone produced only back- 
ground levels of TUNEL-positive 
cells. Vertical axis, TUNEL-positive 

celts per high-powered microscopic field; Ctrl, control (addition of PBS 
to cultures); error bars represent s.d. b, Transduction by TAT-Casp3 m 
(WT) in combination with TAT-HIV protease (Pr) results in specific activa- 
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fluorescence reported as enzyme activity. Ctrl, control (PBS addition); 
aFAS crosslin king, positive control. 
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Fig. 5 Specific killing of HIV-infected cells. Jurkat T cells were infected for 
7-14 days with HIV strain NLHX, then transduced with TAT-CaspS™ (WT) 
or TAT-CaspS"" 7 (MUT) proteins for 16 h and assayed for cell viability. 
TAT-Casp3 m protein efficiently kills a large percentage of HIV positive cells 
with a single administration, whereas the catalytically inactive 
TAT-CaspS 1 *" 1 proteins has no effect. Pretreatment of HIV-infected cells 
with the HIV protease inhibitor Ritonavir (Rit) protects infected cells from 
being killed by TAT-CaspS* 7 protein, Ctrl, control (addition of PBS to cul- 
tures); vertical axis, % viability of HIV positive cells in the population at start 
of transduction; error bars represent s.d. 



Transduction with TAT-CaspS^, TAT-CaspS"" 1 or TAT-HIV Pr 
alone showed only background levels of caspase activity. In ad- 
dition, we detected the appearance of cells containing <2n DNA 
content in cells co-transduced with TAT-Casp3 and TAT-HIV Pr 
(data not shown), a 'hallmark' of caspase- 3-induced apoptosis, 
rather than necrosis 13 . These observations demonstrate that 
after transduction, TAT-CaspS^ protein remains inactive in 
cells lacking HIV protease, but becomes specifically activated in 
cells with active HIV protease inducing of apoptosis and ulti- 
mately death. 

Because there is not a general animal model for HIV, we 
sought to determine if TAT-CaspS^ protein could kill cells in- 
fected with live HIV in culture. Jurkat T cells were infected for 
7-14 days with the NLHX strain 27 of HIV-1 and then examined 
with a microscope for HIV cytopathic effects. At the beginning 
of each transduction experiment, approximately 50% of the 
culture was HIV-positive. HIV-infected cultures were transduced 
for 16 hours with 100 nM TAT-CaspS^ or TAT-CaspS^ pro- 
tein and then assayed for cell viability (Fig. 5). Treatment of 
HIV-infected cells with TAT-CaspS^ protein resulted in a sub- 
stantial loss of HIV positive cells from the cultures. We also de- 
tected both the appearance of cells containing <2n DNA 
content and cells with condensed nuclei in cells treated with 
TAT-Casp3 (data not shown). However, transduction with 
TAT-CaspS"" 1 protein produced negligible effects. To determine 
if apoptosis induced by TAT-CaspS^ was dependent on active 
HIV protease in the infected cultures, HIV-infected cultures 
were pretreated with 1 Lig/ml Ritonavir and then transduced 
with 100 nM TAT-CaspS^ protein (Fig. 5). Consistent with the 
results above, pretreatment of HIV-infected cultures - with 
Ritonavir resulted in protection from apoptosis induced by 
TAT-CaspS^. In addition, the observed increased survival of 
Ritonavir-treated cells is consistent with increased longevity of 
HIV-infected cells treated with protease inhibitor 6 . These obser- 
vations demonstrate specific killing of HIV-infected cells by the 
transducing protein TAT-CaspS^ protein containing active 
HIV protease and the lack of apoptotic induction in cells devoid 
of HIV protease activity. 



Discussion 

We demonstrate here a proof-of-concept for a new strategy to kill 
HIV-infected cells that harnesses the HIV-encoded protease by 
using a modified 2ymogen form of an apoptotic inducer, Casp3, 
combined with a protein transduction delivery system. 
Transduction of cells with proteins is a rapid, concentration- 
dependent process that targets 100% of cells in a receptor- 
independent manner 21 * 24 , allowing for equally efficient 
transduction of both infected and uninfected cells with 
TAT-CaspS^ protein. TAT-Casp3 protein remains inactive in un- 
infected cells and is specifically activated by HIV protease-depen- 
dent cleavage in HIV-infected cells. This degree of specificity 
indicates that killing HIV-infected cells using such a strategy may 
result in a high therapeutic index in patients. Future optimization 
will focus on HIV cleavage site efficiencies and modification of 
TAT-Casp3 to avoid binding by cellular inhibitor of apoptosis 
proteins l(M3 . We have also had some success pursuing a strategy of 
using for transduction an enzyme CTAT-A site-HSV TK protein) 
that converts a 'pro-drug' (gancyclovir) into a cytotoxic form 
specifically in HIV-infected cells (unpublished observations). 
Moreover, construction of additional pro-apoptotic transducing 
zymogens, such as Bid 28,20 and other non-naturally occurring zy- 
mogens, that are activated by specific pathogen proteases may 
also have therapeutic potential. 

The treatment of HIV-infected cells with protease inhibitors 
results in increased longevity of infected cells 30,31 . In direct con- 
trast to this, TAT-Casp3 protein specifically kills HIV-infected 
cells. Moreover, selection for mutations that renders HIV pro- 
tease resistant to a broad spectrum of inhibitors is a continuing 
and growing problem in combating the HIV epidemic 6 " 0 . 
However, by substituting HIV cleavage sites, our approach allows 
for the continual adaptability of TAT-Casp3 proteins to HIV 
strain proteolytic cleavage site variance and/or mutation. 
Furthermore, given that both protease and reverse transcriptase 
molecules are packaged inside the virion 32 , TAT-Casp3 proteins 
may also be packaged inside the virion and, if so, could either kill 
the virion after it buds from the cell and/or initiate apoptosis im- 
mediately after subsequent infection of a naive cell. In addition 
to HIV, infectious pathogens such as hepatitis C virus 17 , cy- 
tomegalovirus 18 and malaria 19 are dependent on pathogen-en- 
coded proteases for their life cycles. Thus, the generation of 
modified TAT-Casp3 proteins containing these pathogen-spe- 
cific protease cleavage sites may prove helpful in combating 
other infectious diseases and human malignancies that have ei- 
ther upregulated cellular proteases or express specific cellular 
proteases. 

Methods 

Cell culture. p16(-) Jurkat T cells (ATCC) were grown as described 22 . For in 
vivo substrate cleavage, 1 x 1 0 6 cells were transduced with 1 00 nM TAT-pl 6, 
TAT-A-pl 6, TAT-CaspS" 1 " and/or 50 nM TAT-HIV Pr proteins for 1 , 5 or 8 h 
and analyzed by anti-pi 6 (Santa Cruz Biotechnology, Santa Cruz, California) 
or anti-Casp3 (PharMingen, San Diego, California) immunoblot analysis 21 . 
To determine cytotoxicity of TAT-Casp3 on uninfected cells, 1 x 10 B cells 
were transduced with 100 nM TAT-Casp3 m , TAT-CaspS**" and/or 50 nM 
TAT-HIV Pr proteins for 16 h and assayed for viability by Trypan Blue exclu- 
sion and/or genomic DNA damage by TUNEL assay (Trevigen, Gaithersburg, 
Maryland). The number of TUNEL-positive cells are reported as 'per high- 
powered microscopic field' with four fields per experiment averaged. 
TAT-Casp3 activity was measured by incubation of 20 u.g of whole-cell lysate 
with 50 jiM DEVD-AFC and fluorescent AFC formation measured on a FL500 
microplate fluorescence reader (Bio-Tek, New York, New York) as de- 
scribed 26 . Cells were preincubated with 1 jig/ml Ritonavir (Abbott, Chicago, 
Illinois) for 1 h before transduction. To determine cytotoxicity of TAT-Casp3 



32 



NATURE MEDICINE • VOLUMES • NUMBER 1 • JANUARY 1999 



ftS © 1999 Nature America Inc. * http://medlclne.nature.com 



ARTICLES 



on infected cells, Jurkat cultures were infected with 100 ng p24 Ag equiva- 
lent NLHX HIV-1 strain 26 for 7-14 days, assayed microscopically for cyto- 
pathic effects, then replated at 1 x 10° per ml and transduced with 100 nM 
of TAT-CaspS*" or TAT-Casp3 Ml ' r proteins for 16 h followed by exclusionary 
dye viability analysis. Infected cells were pretreated with 1 ug/ml Ritonavir 
for 24 h before transduction with TAT-CaspS* 1 protein. For flow cytometry 
(FACS) analysis, fluorescein (FITC) -conjugated TAT fusion proteins were 
added to Jurkat T cell culture media and 1x10' cells were analyzed by FACS 
as described 21 . 

TAT fusion proteins. The pTAT-A/D-p16 expression vectors were 
constructed by inserting double-stranded oligomeric nucleotides encoding 
14 residues of the HIV p17-p24 ('A*) 16,T8 cleavage site (SQVSQNY-PIVQNLQ) 
or the HIV P 7-p1 ('D') 16,18 cleavage site (CTERQAN-FLGKIWP) into the Ned 
site of pTAT-pl 6 (refs. 23, 24). The pTAT-CaspS* 1 vector was constructed by 
independent PCR amplification of the pi 7 and pi 2 domains containing engi- 
neered HIV A and D cleavage sites (1 4 residues) into the primers (p1 7 forward 
primer: 5-CGCCTCGAGGGCGGCTGCACCGAACGCCAGGCTAACTTC- 
CTGGGCAAAATCTGGCCAGGCGGAATATCCCTGGACAACAGTTATAAAATG-3'; 
p17 reverse primer: 5'-CCGCCCTGCAGGTTCTGCACGATTGGATAGTTCT- 
GTGACACCTGGGAGCCGCCTGTCTCAATGCCACAGTCCAG-3'; pi 2 for- 
ward primer: 5-GGCGGCTCCCAGGTGTCACAGAACTATCCAATCGTGCA- 
GAACCTGCAGGGCGGTGTTGATGATGACATGGCG-3'; p12 reverse primer: 
5'-CGAGCTACGCGAATTCTTAGTGATAAAAATAGAGTTC-3') followed by 
mixing of the PCR products and then PCR amplification using the pi 7 for- 
ward and pi 2 reverse primers {the pi 7 reverse and pi 2 forward primer se- 
quences overlap). The resultant PCR fragment was subcloned into pTAT-HA 
(refs. 23,24), resulting in a TAT-D-p17-A-p12 configuration (see Fig. 1A). 
The pTAT-CaspS"" 1 vector was constructed by inserting a double stranded 
oligomeric nucleotide (positive strand: 5-CCATGCGTGGTACCGAACTG- 
GACTGTGGCATTGAGACAGGCGGCTCCCAGGTGTCACAGAACTATC- 
CAATCGTGCAGAACCTGCA-3') containing a Met residue for the active site 
Cys 163 residue into the Stu\ and Pst\ sites of pTAT-CaspS* 7 vector. The 
pTAT-HIV Pr vector was constructed by PCR cloning the HIV protease gene 
from HXB2R HIV strain (forward primer: 5'-CGGTCCATGGGCGGCGGCC- 
CTCAGGTCACTCTTTGGCAACG-3'; reverse primer: 5'-CGGGAATTCT- 
CAAAAATTTAAAGTGCAACCAATCTG-3') and cloning into pTAT (refs. 
23,24). TAT fusion proteins were purified by so ni cation of high expressing 
BL21 (DE3)pLysS (Novagen, Madison, Wisconsin) cells in 8 M urea, and were 
then purified over a Ni-NTA column and misfolded on a Mono S column as 
described 23,2 '. FITC-conjugated TAT fusion proteins were generated by fluo- 
rescein isothiocyanate labeling (Pierce, Rockford, Illinois), followed by gel pu- 
rification in PBS on an S-1 2 column attached to an FPLC (Pharmacia) or PD-1 0 
desalting column (Pharmacia), then were added directly to cells in culture 
media and analyzed by FACS or microscopy. 
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ABSTRACT The Tat protein of human immunodeficiency 
virus 1 (HIV-1) can enter ceDs efficiently when added exoge- 
nously in tissue culture. To assess if Tat can carry other 
molecules Into cells, we chemically cross-linked Tat peptides 
(residues 1-72 or 37-72) to 0-galactosidase, horseradish perox- 
idase. RNase A, and domain m otPseudomonas exotoxin A (PE) 
and monitored uptake colorimetrically or by cytotoxicity. The 
Tat chimeras were effective on aD ceD types tested, with staining 
showing uptake into all cells in each experiment. In mice, 
treatment with Tat-0.galactosidase chimeras resulted in deliv- 
ery to several tissues, with high levels in heart, liver, and spleen, 
tow-to-moderate levels in lung and skeletal musde, and little or 
no activity in kidney and brain. The primary target within these 
tissues was the cells surrounding the blood vessels, suggesting 
endothelial cells, Kupffer cells, and/or splenic macrophages. 
Tat-mediated uptake may allow the therapeutic delivery of 
macroinolecules previously thought to be impermeable to living 
cells. 



The potential for intracellular therapeutic use of proteins, 
peptides, and oligonucleotides has been limited by the im- 
permeable nature of the ceil membrane to these compounds. 
A wide variety of methods have been proposed for the 
delivery of proteins and other macromolecuies into living 
cells for either experimental or therapeutic uses, including 
microinjection, scrape loading, electroporation, liposomes 
(1-7), bacterial toxins (8-10), and receptor-mediated endocy- 
tosis (11-16). Most of these methods are either inefficient or 
time-consuming, cause appreciable cell death, or result in 
uptake into intracellular vesicles without efficient cytoplas- 
mic delivery. Several approaches (15-18) rely on binding of 
macromolecuies to the cell surface, followed by internaliza- 
tion via the endocytic route. However, since proteins that 
have entered this pathway remain enclosed within lipid 
vesicles, they do not have access to the cell cytoplasm, most 
typically the target environment. It seems reasonable to 
assume that the escape from endocytic vesicles is the rate- 
limiting step in achieving true cellular delivery, yet many 
assays mil to measure this. 

Recently the Tat protein from human immunodeficiency 
virus 1 (HIV-1) was shown to enter cells when added exog- 
enously (19, 20). Tat protein can simply be added to medium 
at concentrations as low as 1 nM, and biological responses 
can be detected. Since the assay for this process was the 
transactivation of a transfected reporter gene, activity re- 
flects those molecules that had been targeted to the nucleus, 
presumably after cytoplasmic delivery. The mechanism by 
which Tat traverses a membrane and the precise intracellular 
location of this event remain unclear. However, Tat binds 
efficiently to cells, with >10 7 sites per cell and then is 
internalized by an adsorptive endocytosis process (20). In 
characterizing the uptake process using iodinated Tat, Mann 
and Frankel (20) observed that only 3% of the Tat became 
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cell-associated. In contrast, using Tat that was metabolically 
labeled with [ 33 S]methionine t we found that >60% of the Tat 
became cell-associated. The added radioactivity was rapidly 
converted into a trypsin-insensitive form, indicating that it 
had been internalized. We estimate that it is possible to 
deliver 10 7 molecules per cell into a trypsin-insensitive form. 

Experiments in our laboratory and from Frankel' s group 
have shown that fluorescently tagged Tat protein becomes 
cell surface-associated and is internalized into punctate struc- 
tures that resemble endosomes/lysosomes; eventually label 
becomes apparent both cytoplasmicaMy and in the nucleus 
(20). The basic RNA binding domain of Tat has been impli- 
cated in mediating at least the eel! surface binding of Tat; 
indeed, uptake/activation can be blocked by incubation with 
soluble polyanions, including heparin and dextran sulfate 
(20). To obtain optimal Tat-dependent transactivation, 
Frankel and Pabo (19) added the lysosomotropic agent chlo- 
roquine and showed subsequently that this treatment reduced 
degradation of the Tat protein. 

The apparent efficiency with which Tat is able to enter cells 
raised the possibility of utilizing Tat to deliver heterologous 
macromolecuies into cells. Here we show that Tat peptides 
conjugated to heterologous proteins can confer cellular de- 
livery to these "cargo" proteins. Delivery is independent of 
cell type, has been successfully applied to four different cargo 
proteins, and has been shown unambiguously to mediate 
cytoplasmic delivery. Preliminary in vivo experiments con- 
firm that this system may allow the therapeutic use of 
proteins/peptides with intracellular targets. 

MATERIALS AND METHODS 

Preparation of Tat Peptides. Tat-(l-72) was expressed in 
Escherichia coli by using a T7 expression vector (21) and was 
purified by sequential chromatography steps on Q-Sepharose 
(Pharmacia), gel filtration on an A.5M agarose column in 6.0 
M guanidine hydrochloride, and reverse-phase HPLC on a C 4 
column (Vydac). The product was >95% pure as judged by 
analysis by SDS/PAGE. Tat-(37-72) (CFITKALGISYGRK- 
KRRQRRRPPQGSQTHQVSLSKQ in single-letter amino 
acid code) was synthesized on an Applied Biosystems 430A 
synthesizer following the manufacturer's recommended pro- 
cedures and purified by reverse-phase HPLC; integrity was 
verified by mass spectrometry. 

Chemical Conjugation. 0-Galactosidase (Sigma) was dis- 
solved in phosphate-buffered saline (PBS) at 25 mg/ml and 
treated with iodoacetamide (final concentration, 0.37 mg/ml) 
for 60 min at 23°C. The product was desalted on a G-25 
column (Pharmacia) in PBS and concentrated to 32 mg/ml in 
aCentricon 10 concentrator (Amicon). 4-(Maleimidomethyl)- 
cyclohexanecarboxylic acid tf-hydroxysuccinimide ester 
(SMCC; Pierce) at 12 mg/ml in dimethylformamide was 
added to 60 Mg/ml, and after 30 min at room temperature the 



Abbreviations: HIV-1, human immunodeficiency virus 1; SMCC, 
^maleimidomethyl)cyclohexanecarboxylic acid W-hydroxysuccin- 
imide ester; HRP, horseradish peroxidase; BMV, brome mosaic 
virus. 
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reaction mix was desalted on a G-25 c lumn in 100 mM 
Na 2 HP0 4 (pH 7.5). Tat peptide (100 /ig) was added to 2 mg 
f the 0-galactosidase-SMCC adduct (7 mg/ml) and st red 
vernight at 4°C. The cross-linked conjugate was isolated by 
S-200HR gel filtrati n in PBS and analyzed by SDS/PAGE, 
Western immunobl tting with anti-Tat antisera, and assay for 
0-galactosidase activity. Typical preparations had a ratio of 
one or two Tat peptides per 0-galactosidase tetramer and 
retained >50% of the £-galactosidase enzyme activity. 0-Ga- 
lactosidase activity of conjugates and of cell extracts was 
measured by using o-nitrophenyl £-r>galactopyranoside as a 
substrate, incubating in 0.1 M sodium phosphate buffer, pH 
7.5/1 mM MgCl 2 at 37°C for 30 min, stopping the reaction 
with sodium carbonate (0.625 M final concentration), and 
reading the absorbance at 420 nm. 

To prepare Tat-HRP (horseradish peroxidase) conjugates, 
we used a commercially available maleimide-acuvated HRP 
(IHerce) that is selective for free sulfhydryl groups. Tat pep- 
tides (0.5 mg/ml) were incubated with maieimide-conjugated 
HRP (5 mg/ml) in triethanolamine at pH 8.2 for 80 min at 23°C. 
The conjugates were analyzed by SDS/PAGE. 

PE(III). a fragment (residues 381-613) of Pseudomonas 
exotoxin A (PE) comprising 19 residues of domain lb and all 
of domain III of PE, was cloned into a phage T7 expression 
vector (21) by using the naturally occurring Apa I site in the 
PE sequence to generate a construct encoding the sequence 
NH 2 -Met.Glu-Pro-Val-Val-Ser-Leu-Ser-[PE-(381-613)]- 
COOH and was expressed in £. colt BL21. This portion of PE 
has no cell-binding or translocation activity. Cells were lysed 
in a French press and purified from the soluble fraction by 
ion-exchange chromatography on Q-Sepharose followed by 
gel filtration on a Superdex 75 fast protein liquid chromatog- 
raphy (FPLC) column. PE(III) and RNase A (Sigma no. 
R5500) were treated with sulfo-SMCC (Pierce), desalted, and 
then added to Tat peptides. The resultant preparations were 
analyzed by SDS/PAGE and shown to consist of 90% 
conjugated material with an approximately equal ratio of 
single and double peptide addition. 

Animal Studies. Six-month-old BALB/c mice were injected 
intravenously via the tail vein with 200 /ig of Tat-0- 
galactosidase conjugate or 0-galactosidase control in 0.2 ml of 
PBS. After 20 min the animals were sacrificed by C0 2 intox- 
ication, and various organs and tissues were removed. Tissue 
was immediately frozen in liquid nitrogen and stored at -80°C. 
Thin frozen sections (5.0 fim) were cut on a cryomicrotome at 
-20°C; sections were mounted on coverslips, fixed, and 
processed for histology as described below. 

Histological Staining. HeLa cells were cultured by standard 
techniques in Dulbecco*s minimal essential medium/10% 
(vol/vol) donor calf serum. Cells were plated at =30-50% 
confluency into six-well dishes or onto sterile coverslips that 
had been coated with poly(L-lysine), were allowed to attach, 
and then were incubated (0-18 hr) with control. SMCC- 
activated, or activated conjugated enzyme preparations di- 
luted in medium at the concentrations indicated. After wash- 
ing three times with PBS, cells were fixed with 2.0% form- 
aldehyde/0.2% glutaraldehyde in PBS, washed again with 
PBS/2 nlM MgCfe, and then developed with the appropriate 
chromogenic substrate. For 0-galactosidase staining, the 
fixed cells were incubated in 1 mg of X-Gal (5-bromo-4- 
chloro-3-indolyI 0-ga!acto$ide) per ml/5 mM K 3 Fe(CN)6/5 
mM K 4 Fe<CN) 6 /2 mM MgCl 2 . For HRP, cells were incu- 
bated with diaminobenzidine (Sigma) and H2O2 according to 
the manufacturer's instruct! ns. When the desired degree of 
staining intensity was reached, the reaction was terminated 
by washing in distilled water. 

Cytotoxicity Assay. The cytotoxicity of PE(III) and RNase 
was assessed by the ability to inhibit protein synthesis, 
measured by PSJmethiomne incorporati nintoCCl 3 COOH- 
insoluble material. Cells were plated into either 24- or48-well 
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dishes at <*50% confluence and allowed to attach. Protein 
conjugates or controls were added in 100 /d of PBS at the 
concentrati ns indicated and incubated for 1 hr at 37°C, after 
which medium was added t 0.5 ml After a further 3-18 hr 
f incubation, the medium was rem ved, and cells were 
washed in PBS and then incubated with 1.0 /iCi (37 kBq) of 
[ 35 S]methionine per well in either PBS or methionine- 
deficient minimal essential medium. After 2 hr the medium 
was removed, and the cells were washed three times with 
cold 5.0% CCI3COOH, washed once with PBS, and then 
extracted with 0.1 ml of 0.5 M NaOH. The CCljCOOH- 
precipitable material was quantified by liquid scintillation 
counting. 

in Vitro Assays. The activity of expressed/purified PEOII) 
was determined by the inhibition of translation of brome 
mosaic virus (BMV) RNA in a rabbit reticulocyte lysate 
following the manufacturer's protocols (Promega). Transla- 
tions were carried out with [ 3S SJmethionine and analyzed by 
SDS/PAGE and autoradiography; the BMV-encoded bands 
were quantified with a Molecular Dynamics densitometer. 
RNase A activity was assessed by conversion of a tRNA 
substrate from CCl 3 COOH-insoluble to soluble material. 

RESULTS AND DISCUSSION 

Since the Tat protein from HIV-1 can enter cells when added 
extracellularly, we decided to test if Tat could be used as a 
carrier to deliver heterologous molecules into cells. Chemi- 
cally crosslinked conjugates of the enzymes 0-galactosidase 
and HRP were prepared with either Tat-(l-72) or Tat-(37-72). 
Truncated Tat-(37-72) was selected because it retains the 
basic domain implicated in binding/uptake and lacks the 
cysteine-rich region of Tat (residues 22-37) that has compli- 
cated the handling and analysis of peptides/conjugates (B.P., 
unpublished results). Tat-(37-72) retains the cellular delivery 
function of Tat-(l-72) (see below). The degree of conjugation 
was monitored by SDS/PAGE and adjusted so that only one 
or two peptides per 0-gaIactosidase tetramer or one peptide 
per HRP molecule was incorporated. Under these conditions 
the conjugates were shown to retain essentially full enzy- 
matic activity. 

Samples were then applied to cells under standard tissue 
culture conditions and evaluated for uptake by histology 
using chromogenic enzyme substrates. Even at the highest 
concentration tested (20 Mg/ml) there was no staining with 
either control enzyme lacking the Tat peptides (Fig. 1 a and 
d). HRP has been used by others as a fluid-phase uptake 
marker, but in these experiments very high concentrations 
(>200 /ig/ml) have typically been used (22), and in our hands 
similar experiments result in staining levels considerably 
lower than those described below. Separate addition of the 
enzyme with noncovalently linked Tat peptides did not result 
in cell staining (data not shown). Cells treated with Tat 
conjugates consistently revealed intense cellular staining 
(Fig. 1 b, c, e t and/). Staining was predominantly surface- 
associated after short, 0- to 20-min incubation periods with 
progressive accumulation in intracellular staining over 30 min 
to 6 hr. Incubations of 18 hr yielded highest levels of staining, 
and subsequent chase periods of up to 24 or 48 hr without 
conjugate still resulted in detectable intracellular activity 
with a concomitent decrease in surface staining. A large 
proportion of the intracellular staining appeared to be punc- 
tate, even at late tim points, suggestive of endosomes/ 
lysosomes, but 'here was significant diffuse cytoplasmic, 
nuclear, and nucleolar staining in all experiments, specially 
at higher doses and later time points (Fig. 1 c and/). The 
nuclear/nucleolar localization (Fig. 1 c, A, and 1 ) is consistent 
with studies of fluorescently labeled free Tat (ref. 20; S.F., 
unpublished data) and probably results from the nuclear 
localization sequence and RNA binding activity of Tat pro- 
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tern (23, 24). Similar results were obtained with Tat-enzyme 
conjugates with either Tat-(l-72) (Fig. 10 orTat-(37-72) (Fig. 
lc), although the reagents prepared with the latter peptide 
typically possessed improved solubility and storage charac- 
teristics. Repeated washing of treated cells before fixation did 
not reduce the cell-associated enzyme activity, but mild 
trypsinization abolished the surface staining. 

0-Galactosidase activity was also measured quantitatively 
by using the substrate o-nitrophenyl £-r>galactopyranoside. 
After overnight incubation with the Tat-/3-galactosidase con- 
jugate (40 Ag/ml), cells were trypsinized, and trypsin 
sensitive and -insensitive activities were determined. Typi- 
cally 5 x 10 6 molecules of enzyme were bound per cell, and 
of this material at least 20% was internalized as judged by 
resistance to trypsin treatment— i.e., 10 6 molecules per cell. 
A striking feature of the enzyme delivery was that all cells in 
each experiment were stained and that uptake could be 
demonstrated in all cells tested (including HeLa, COS-1 
Chinese hamster ovary, H9, NIH 3T3, and primary human 
keratinocytes and umbilical vein endothelial cells). 

Experiments with enzyme c ojugat s prepared with either 
poly(L-lysine) or po!y(L-arginuK,) in place of Tat resulted in 
surface-associated staining that was mostly trypsin accessi- 



Fig, 1. Tat-mediated delivery 
of 0-galactosidase and HRP in tis- 
sue culture and mouse models. 
HeLa cells (a-i) were grown un- 
der standard tissue culture condi- 
tions and then incubated with con- 
trol SMCC-activated 0-gaIaclo- 
sidase (a) or HRP id) or with Tat- 
0-galactosidase (b, c, and g-i) or 
Tat-HRP {e and/) conjugates. In- 
cubations were with 20 pg of test 
compound per ml of Dulbecco's 
modified Eagle's medium contain- 
ing 10% serum for 18 nr. All data 
are in the absence of added chlo- 
roquine with the exception of g, 
which shows cotreatment with 80 
MM chloroquine. Tat conjugates 
used were prepared with Tat-(37- 
72) peptide with the exception of i 
in which Tat-(l-72) was used. 
Mice were injected intravenously 
with 200 fig of Tat-(37-72)-0- 
galactosidase {j~m) and sacrificed 
20 min later; thin frozen sections 
of major organs were prepared. 
U) Kidney, (k) Liver. (/) Spleen. 
(m) Heart. Cells and sections were 
fixed prior to development of en- 
zyme chromogenic substrates as 
described and then photographed 
with a Zeiss Axiovert 405M pho- 
tomicroscope. (x75 (a, b, </, e, 
and gh xl50 (A, i\ and M), and 
x500(c and/).J 

ble, with little obvious intracellular activity (data not shown). 
In these experiments the development times of the chromo- 
genic substrates for Tat-0-galactosidase were minutes to a 
few hours. When a 0-galactosidase cDNA driven from a 
simian virus 40 promoter was transfected into cells, expres- 
sion levels required several hours or overnight development, 
and staining never reached the levels reported here. This 
difference must reflect the relatively large levels of conjugate 
delivered into cells. 

Since optimal uptake/long terminal repeat (LTR) activation 
of Tat required the presence of the lysosomotropic agent 
chloroquine to reduce protein degradation (19), enzyme con- 
jugate uptake was examined in the presence or absence of 
chloroquine. Equivalent staining patterns and intensities were 
observed over a range of chloroquine concentrations (Fig. 1 b 
and g), and quantitative analysis f/J-galact sidase activity in 
treated cells showed n ji re than a 2-fold increase in activity 
with chloroquine (data n t shown). This is in comparison to 
Tat activation ftheHIV-1 LTR, where chl roquine inducti n 
is 500- to 5000-fold. 

To examine the in vivo biodistributi n and potential delivery 
activity of this method, we injected Tat-0-galactosidase intra- 
venously int mice. After various time periods, animals were 
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sacrificed, tissues were harvested, and thin frozen secti ns 
were prepared for analysis. Hist logical staining sh wed very 
high tissue-associated activity in the liver (Fig. Ik), spleen (Fig. 
10, and heart (Fig. 1m). Low but detectable staining was seen 
in skeletal muscle and lung, little rn staining was seen in the 
kidney, and n ne was seen in the brain. Analysis f stained 
sections showed that cells surrounding the blood vessels were 
labeled, with some penetration into surrounding ceils and 
tissues visible. The red pulp in spleen was heavily stained, and 
there was evidence of Kupffer cells in liver and muscle cells in 
heart being labeled on examination 30 min after injection. The 
reasons for the tissue distribution observed are not clear but 
cannot reflect simply blood flow, given the relatively low level 
of staining seen in the lung/skeletal muscle, and may reflect 
qualitative or quantitative differences, or both, in the endothe- 
lium of these organs. With the control 0-galactosidase, essen- 
tially no tissue staining was seen, with only trace levels evident 
in the spleen. When radiolabeled Tat-(l-72) peptide was ad- 
ministered intravenously, a tissue profile similar to that of 
Tat-0-galactosidase was seen, except for very high levels in the 
kidney and a much shorter serum half-life for the peptide, 
presumably reflecting renal clearance (S.F., unpublished data). 

Since histological analysis is complicated by the presence 
f active enzyme on the cell surface and within intracellular 
vesicular structures, we decided to use reporter cargo mol- 
ecules whose activity would be translocation dependent. The 
toxin momordin has been used by Leamon and Low (15) as 
a reporter molecule to examine cellular uptake that was 
mediated by folate conjugation and utilized the folate recep- 
tor (16). However, by analogy to ricin A chain (25), it is not 
clear whether this molecule is nontoxic when added to cells 
simply because it lacks binding activity and whether it may 
retain a translocation function. This idea is supported by the 
cytotoxicity of momordin immunotoxins (26). In contrast, the 
structure/function of PE has been studied in great detail (27, 
28), and the translocation activity of the native toxin has been 
localized to domain II. Therefore, we selected domain III of 
PE and also RNase A, since both are nontoxic when applied 
to cells and neither has any known binding or delivery 
activities. RNase is presumably toxic to cells because of 
nonspecific degradation of cellular RNA, while PE is known 
to ADP-hbosylate elongation factor 2, thus inactivating pro- 
tein synthesis (27). Neither molecule should have any effect 
upon entry into the endocytic pathway and should only be 
effective if delivered to the cytoplasm. 

Tat conjugates were prepared by using RNase A and 
purified PE(III), and the relative activity of these enzymes 
was tested by either an in vitro RNA degradation assay or by 
inhibition of protein translation in a rabbit reticulocyte I y sate, 
respectively (see Materials and Methods). At the degree of 
modification used, one or two Tat peptides per molecule of 
either RNase or PE(III) (Figs. 2 A and 3A), there was little or 
no detectable decrease in enzyme activity (Figs. IB and 30). 
These conjugates were then applied to HeLa cells in tissue 
culture and tested for the ability to inhibit protein synthesis. 
IC50 (P 5 S]methionine incorporation) values of 15 jig/ml for 
Tat-RNase and 7 /xg/ml for Tat-PE(III) (Figs. 2C and 3C) 
were obtained. The conjugates were visibly cytotoxic, witi. 
cells rounding-up and detaching from the plastic surface at 
either the highest doses or with extended incubation. As was 
described for the enzyme conjugates above, all cells in a 
culture suffered morphological effects after conjugate admin- 
istration, implying delivery to the entire cell population. The 
control nonconjugated preparations or coaddiuon of non- 
linked Tat peptides with RNase/PE(III) showed n cyt tox- 
icity at equivalent concentrations (Figs. 2C and 3C). Similar 
results were obtained with a number f ther cell lines 
including NIH 3T3 and SAOS-2. While Tat-PE(III) cytotox- 
icity is less potent than nativ I E, the activity of the PE(IIl) 
constructs were also low when tested in vitro, perhaps due to 
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Fig. 2. Tat-mediated delivery of PE(HI). PE(III) 3 expressed 
in bacteria and purified as described. Tat-(37~72) peptide was cou- 
pled by using the heterobifunctional cross-linker SMCC, and the 
control and coupled material were examined by SDS/PAGE. {A) 
Coomassie-blue stained gel. The position of the unconjugated (lane 
1) and increasingly conjugated (lanes 2 and 3) complexes and 
molecular mass standards are indicated. (B) Activity in vitro of the 
PE(III) control (•) and Tat-(37-72)-PE(III) (o) was measured by 
inhibition of protein synthesis of BMV message in a rabbit reticu- 
locyte lysate. Translations were carried out in the presence of 
[ 3S S]methionine and analyzed by SDS/PAGE and autoradiography. 
Relative levels of BMV-encoded proteins were determined by den- 
sitometry and shown as arbitrary units. (C) Cytotoxicity was mea- 
sured by the inhibition of [ 35 SJmethionine incorporation into 
CCfeCOOH-insoluble material. Cells were incubated with PEGU) 
control (•) and Tat-(37-72)-PE(HI) (o) at the concentrations indi- 
cated and as described in text. Experiments were carried out in 
triplicate, and the results show the average of three independent 
experiments ± SEM. 

the expression method used. The lower potency could also 
reflect decreased binding affinity and/or a lower efficiency of 
translocation compared with the native full-length toxin. The 
PE(III) conjugate was equally active in either the presence or 
absence of chloroquine, whereas 80 /iM chloroquine was 
required to see inhibition with the Tat-RNase conjugate. This 
concentration of chloroquine alone had little or no effect on 
cell viability but slightly reduced the protein synthetic rate in 
cells. Consequently all data shown for RNase is normalized 
to the appropriate cbloroquine-treated control. 

In addition to studies with Tat-(37-72), we also analyzed 
protein delivery with shorter varients [Tat-(37-58) and Tat- 
(47-58)] conjugated to PE, RNase, and /3-galactosidase via 
cysteine residues at either the N or C terminus of the peptides. 
All peptides retaining the basic domain of Tat promoted 
uptake, although there were variations in efficiency that were 
cargo dependent. In general we have found TaH37-72) to be 
the most consistently successful. Since the basic region of Tat 
contains a nuclear local ; zation signal (NLS), we tested a basic 
sequence c nstituting the NLS from simian virus 40 large T 
antigen. No uptake activity was seen with this peptide con- 
jugated to 0-galactosidase (Y.D. and J.S., unpublished data). 

The role, if any, of the uptake activity of Tat in the 
physiology of HIV-1 is not understood. Tat has been suggested 
to play a role (1) in activation of latent proviral LTR activity 
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Fig. 3. Tat-raediated delivery of RNase. RNase A was coupled 
toTat-(37-72) as described and then examined by SDS/PAGE (A). 
The position of the unconjugated (lane 1) and conjugated complexes 
(lane 2) and molecular weight standards are indicated. Activity in 
if'™J?L and m 0881,6 culture of the RNase control (•) or 
TaH37-72)-RNase (o) was determined as described. Experiments 
were earned out in triplicate, and the results show the average of 
three independent experiments ± SEM. 

and (n) as either a growth fee tor for Kaposi 1 s sarcoma-derived 
cells (29) or in the development of this cancer (30). There are 
also several reports in the literature concerning the intracel- 
lular activity or localization, or both, of a number of growth 
factors including basic and acidic FGF, int2, and interleukin 1 
(31-34). These factors either lack a recognizable signal se- 
quence and yet can be secreted or, in some instances, are 
found in intracellular/nuclear locations. This raises the pos- 
sibility that a family of factors, including the HIV-1 Tat 
protein, have gained the ability to enter/exit intact cells and 
that this function is part of their normal physiological action. 

Recently, two laboratories have demonstrated that Tat 
binds to specific cell surface proteins, raising the possibility 
that delivery is receptor-mediated (35, 36). Whether these 
specific interactions are involved in uptake of Tat remains to 
be determined. 

In summary, we have shown that addition of sequences 
from the HIV-1 Tat protein can confer cellular delivery on at 
least four diverse heterologous proteias. Histological analy- 
sis shows that conjugates bind to the cell surface, are 
internalized via the endocytic pathway, and must then be able 
to cross/disrupt a lipid bilayer to gain access to the cyto- 
plasm. Conjugation can be achieved by chemical cross- 
unking and also gene fusion (LB., unpublished data), with 
protein function/delivery retained. Cytotoxicity of Tat- 
RNase and Tat-PE(IH) unambiguously demonstrates cyto- 
plasmic delivery activity by the Tat peptides. Furthermore, 
we have shown that conjugates gain access to all cell types 
tested m tissue culture and cells in vivo. The chloroquine 
dependence described for tat protein was only seen with the 
RNase conjugate and may reflect the sensitivity of the 
cargo" protein to cellular degradati n. However, it is not 
obligatory for the uptake proces*. 
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This system presents the pportunity to use macromolec- 
ular rc&gents t treat intact living cells and thus access the 
mtraceilular environment. Potential uses could include the 
delivery of peptide/protein inhibitors of intracellular enzymes 
or transcription factors or the delivery of peptide epitopes to 
stimulate class I major histocompatibility complex responses. 

We thank Richard Tizard for DNA sequencing the various ex- 
pression vectors used; Sandhya Kalkunte for peptide synthesis; and 
Alan Frankel, James Rothman, and Fred Taylor for constructive 
advice and suggestions. 
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